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1 Introduction
1.1 Production of fuels and chemicals from biomass

The production of fuels and chemicals from a wide range of renewable resources via various
conversion processes is one of the important global issues. Renewable and non-food biomass
has the potential to generate inexpensive organic chemicals and fuels if they are efficiently
converted via an appropriate processing route. For instance, biomass can be transformed into
biogas through fermentation, processed into several chemicals through biochemical processes
(hydrolysis and fermentation), pyrolysed to liquid chemicals and fuel, and gasified to produce
syngas. Syngas can be used to synthesis chemicals and fuels (BRIENS et al., 2008). To harness
beneficial gains of various conversion processes, an all-encompassing approach using multi-
conversion processes may be required. This will enable efficient conversion of various
components of lignocellulosic biomass to economic end user chemical products. In line with
this thought, the concept of biorefinery is under development, whereby lignocellulosic
biomass is transformed through intermediate monomeric and polymeric units to obtain bio-
fuels and chemicals. This conversion approach is similar to petroleum refinery (BOZELL,
2008; CHERUBINI, 2010; CLARK, 2007; CLARK et al., 2006). The integrated process is
expected to give zero waste by-products, using a combination of different biochemical and
thermochemical conversion processes (also aided by catalytic modifications). An illustrative
concept of possible conversion processes within the system, according to Stoker (2008), is

depicted in Figure 1.1.

There are arrays of chemicals, obtainable from lignocellulose biomass. Some of these are
derivable in substantial quantities, depending on the method of conversion. From glucose and
other constituent repeating units (for example xylose), numerous chemicals such as furfural,
5-hydroxymethyl furfural (HMF), 3-hydroxy propionic acid, 2,5 furan dicarboxylic acid, 5-
(Glucosyloxymethyl)furfural (GMF), 3-hydroxybutyrolactone, glycerol and many 1,4-
dicarboxylic acids can be produced (LICHTENTHALER, 2002; WERPY and PETERSEN, 2004).
Other chemical products from organic raw materials are methanol, ethanol, levoglucosan,
acetic acid, hydrogen, carbon monoxide, arabinitol, sorbitol and levulinic acid. Some of these
chemicals have been identified and classified among potential top 30 chemical building
blocks, which can be processed to obtain more valuable chemical products (WERPY and
PETERSEN, 2004). For example, 3-HMF is a potential bio-based chemical feedstock, from

which arrays of useful chemicals such as acids, aldehydes, alcohols, amines and 2,5-
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dimethylfuran(DMF) can be obtained. DMF, with an energy content of 31.5MJ/L, is a
potential fuel in the nearest future (BINDER and RAINES, 2009; ROMAN-LESHKOV et al., 2007).

Bioethanol
: ol (ETBE
| Hydrolysis > Fermentation :
5 i Biogas
[ Gosicaion IR —HIEE
e — Biomethanol
d Pyrolysis [ ¢ Hydrogen

N Pyrolysis oil

HTU 2 HTU-Diesel

Figure 1.1: Simplified process flow in a lignocellulosic biorefinery (Stocker, 2008)

Also, the complex lignin macromolecule can be converted to obtain phenolic chemical
feedstock. Lists of aromatic products derivable from this hetero-polymer are inexhaustible.
They include BTX chemicals (benzene, toluene, xylene), phenol, lignin monomer molecules
(eugenol, syringols, guaicols), oxidized lignin monomers (syringaldehyde, vanillin) and
aromatic polyols (cresols, catechols, resorcinols), just to mention a few. Additionally, these
chemicals can be processed to obtain wide varieties of new products (BozELL, 2008; BOZELL
et al., 2007).

The production of hydrogen and carbon monoxide from biomass offers a promising prospect
on the production of biobased chemicals. This stems from its ease of convertibility to higher
value products; synthetic petroleum (via Fischer-Tropsch process), methanol, dimethylether
and ammonia (MASCHIO et al., 1994). But, low purity due to the presence of chemical species,
such as oxides of potassium, calcium and silicon, aldehydes and mixed alcohols, challenges
the economic viability of the process (DAYTON, 2003; LEIBOLD et al., 2008). However, with
adequate and effective gas cleaning processes, this problem can be ameliorated. In this

respect, a system known as High Temperature and High Pressure (HTHP) syngas cleaning has
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been developed to enhance the quality of the syngas to the required standard (LEIBOLD et al.,
2008).

Biofuel is a term used in reference to liquid or gaseous fuels obtained from biomass: plants,
agricultural crops, forestry residues and municipal wastes (DEMIRBAS, 2009). This term does
not however exclude biodiesel derived from both vegetable and animal fats and oils through
transesterification. Biofuels can serve as easy substitutes for petroleum based products used in
transportation systems, industrial power generation and as raw materials for chemical
industries (BRIDGWATER, 1996). Biofuels can be generated from biomass through chemical,
biochemical and thermo-chemical processes (KUCUK and DEMIRBAS, 1997). Biodiesel is
basically generated through chemical processes. Bioethanol on the other hand can be
produced from crops and plants residues through biochemical processes (involving the use of
enzymes and microorganisms for fermentation). This conversion process is often preceded by

the hydrolysis of feedstock using mineral acid (chemical process).

The production of bio-fuels from lignocellulosic biomass is gaining momentum. This
development is due to its advantage of no food-fuel competition, compared to other means of
bio-ethanol production, such as the use of cereals. The conversion can be achieved through
biochemical (cellulolysis) and thermo-chemical processes (GRAY et al., 2006; WYMAN,
1994). Cellullolysis involves enzymatic hydrolysis of pre-treated lignocellulosic materials to
obtain glucose. The resulting product is then fermented and distilled to obtain ethanol. On the
order hand, the cellulose can be gasified to hydrogen and carbon monoxide, which are further

converted to ethanol through chemical catalysis or fermentation.

1.2 Nigeria and renewable energy

With appropriate governmental policy, researches towards attaining sustainable supply of
renewable energy from biomass have reached advanced stages in developed and many
developing countries. The biofuels energy policy of the European Union (EU) Commission
targets 20% use of biofuel by 2020 (STOCKER, 2008). Efforts are underway to fully harness
energy and chemical potentials of lignocellulosic biomass in novel biorefinery concepts. The
realisation of vast opportunities in green energy however still largely eludes many African
countries, despite their large agricultural resources (DIONCO-ADETAYO, 2001; HALL and
SCRASE, 2005).
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Abundant lignocellulosic wastes from wood processing and crops residues are annually
generated in Africa. For instance, it has been reported that over 58 million tonnes of
agricultural residues were generated in Nigeria in 2004 and (higher projection of) 80 million
tonnes in 2010 (JEKAYINFA and SCHOLZ, 2009). These unofficial estimates obtained from
selected crop residues such as maize, cassava, millet, plantain, groundnut, sorghum, oil palm
kernel and cowpeas excludes approximately 2 million tonne/yr sawdust (2000 data) generated
from wood processing industries (SAMBO, 2009). In addition, there are several million tonnes

of forestry wastes generated, which have not been accurately accounted for.

Due to poor developmental planning, incoherent policies and lack of processing facilities,
agro-wastes, like many other waste, are often incinerated or left to rot. Nigeria is the most
populous African country. But, it is categorised along countries with the lowest per capita
energy consumption. This is due to lack of necessary technological infrastructure to harness
energy from her huge hydrocarbon deposit and lack of clear policy on renewable energy
options. More than 60% of the population depend on firewood for domestic energy
(JEKAYINFA and SCHOLZ, 2009). Meanwhile, availability of energy constitutes an integral
part of economic development. JEKANYINFA and SCHOLZ (2009) noted that agro-wastes
generated in 2004 alone from selected crops in Nigeria had an estimated energy potential of
about 20.8 million tonnes oil equivalent. The production of renewable energy and chemical
products from these underutilized agricultural wastes and forestry residues can offer great

economic advantage and at the same time, reduce wastes volume.

1.3 Research aims and objectives

Numerous researches and investigations have been carried out on various applications of
biomass, towards solving our ever increasing energy needs. The focus of most of these
investigations has been, obtaining (liquid and gaseous) products that could serve as easy
substitutes to petroleum based fuels. There has been less emphasis on the application of these
renewable resources in the production of chemicals. However, exploring this option is also
another veritable means of reducing our dependence on petroleum and contributing to cleaner
environment, since most of the chemicals in use at present are petroleum derived products.
Attainment of this noble goal only requires the establishment of effective conversion
strategies through which yields of important chemical products from lignocelluloses can be
enhanced. This research focuses on effects of conversion parameters on yields of chemical

products in pyrolysates obtained from lignocellulosic residues. It aims at studying various
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means of increasing yields of valuable chemical products in biomass pyrolysates. Variations
to be studied include effects of biomass species, temperature, feedstock pre-treatment and
application of catalyst. Underlying differences in the chemical composition of pyrolysates
obtained from African biomass residues (sawdust and corncob) and woody wood residue from
Europe are to be examined. Effects of feedstock pretreatment on the chemical composition of
pyrolysates are to be evaluated using analytical pyrolysis. The influence of various catalysts
(such as alkali/alkaline earth metals and zeolites) on organic liquid products (pyrolysate) will
also be studied. Prior to the conversion processes, compositional analyses of the raw samples
are to be carried out, in order to determine major and minor constituents of the lignocellulosic
biomasses. The major part of the research has been published in three peer reviewed articles.
These publications, together with some unpublished results, are summarised in chapter three
of this manuscript while related basic literature works on biomass and technical pyrolysis are

found in chapter two.



2 Literature Review

2.1 Lignocellulosic biomass and its conversion to fuel and chemicals

Lignocellulosic biomass is the generic term used in renewable energy, in reference to wood
waste (sawdust and pulp wastes), agricultural residues, energy crops (fast growing grasses)
and municipal paper wastes. It is the most abundant and inexpensive energy feedstock. With
energy content of approximately 18-19 MJ/kg, lignocellulosic biomass has found applications
in the area of renewable energy through different conversion methods to generate liquid fuels

and chemicals (AGBLEVOR et al., 1995; KUCUK and DEMIRBAS, 1997; LIN et al., 2010).

2.1.1  Structure and composition of lignocellulosic biomass

In terms of main composition, lignocellulose consists of holocellulose (70-78%) and lignin
(22-30%), from which the term lignocellulose is derived. The holocellulose represents the
entire polysaccharide constituents that comprise of cellulose (40-50%) and hemicellulose (25-
35%). These three principal components form the integral structure of biomass. Beside these
main constituents, lignocellulosic biomass contains accessory components in forms of organic
(extractives) and inorganic (macro and micro elements). These constituents are formed around
dead and living plant cells, arranged and proportioned in different fractions depending on the
part and type of plant. The decomposition of these various biopolymers via thermochemical
routes subsequently produces various chemical products with related links to the original
composition. Thermochemical conversion of lignocellulose is chemically complex because of
multitude intrinsic reactions involved. Concise descriptions of biomass constituents are

described in subsections below.

2.1.1.1 Cellulose

Cellulose is the main constituent of cell walls of lignocellulosic biomass. With an annual
production of 1.5 teratonnes, this inexhaustible biopolymer is considered the most abundant
organic matter on earth (KLEMM et al., 2005). It has the molecular formula of (C¢H;¢Os)n.
Cellulose is a homopolymeric saccharide that is made up of (linear chains of) anhydro-B-D-
glucose units interlinked through (1—4) glucosidic bonds (SJIOSTROM, 1993). The length of
cellobiose as the repeating units is said to be 1.03nm (FENGEL and WEGENER, 1984).
Cellulose molecules contain 2000-15000 glucosidic monomers positioned at an angle of 180°
through the *C; conformation as shown in Figure 2.1, depending on type and part of biomass.

The high tensile strength and crystallinity of cellulose, as a polymer, is largely derived from
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the occurrence of intra- (O3H—0O5" and O6—H-02") and intermolecular (O6-H—03")
hydrogen bonds (MOHAN et al., 2006). This super molecular structure is responsible for the
insolubility of cellulose in most solvents including water (SJOSTROM, 1993). It is however
soluble in alkali, which is capable of breaking the glycosidic bond even at room temperature
to yield glucose monomers. Cellulose is hydrolysable with concentrated acids and dissolves in
compounds in which it is able to form complexes such as cadmium ethylenediamine complex

(ALGER, 1997). The amorphous parts can be hydrolysed using dilute acids.

Cellobiose unit

Figure 2.1: Chemical structure of cellulose (MOHAN et al., 2006)

The intermolecular hydrogen bonding stiffens cellulose molecules, facilitating the formation
of microfibrils, which consists of about 66 cellulose molecules, ordered in crystallites with
disrupted amorphous parts. The microfibrils made up macro fibrils, the so called fabril-
aggregates forming the superstructures of cellulose (SIOSTROM, 1993). Owning to high
crystallinity with long range order, cellulose requires up to 320°C at 25MPa to undergo
amorphous transition (DEGUCHI et al., 2006). The rigidity of the polymer, which varies in

different lignocellulose, provides structural support for plants.

2.1.1.2 Hemicelluloses

Hemicelluloses are the second important polysaccharides found in lignocelluloses. They
function as supporting materials in cell walls, where their highest concentration is found.
They form networks of cross-linked fibres by binding with pectin and cellulose. In contrast to
cellulose, hemicelluloses, otherwise known as polyoses, are heterogeneous and highly
branched polysaccharides with an average degree of polymerization of about 200 (SJIOSTROM,
1993). They are made of pentoses and hexoses, hexuronic acids and deoxy-hexoses
anhydrosugars, whose structures are shown in Figure 2.2. Hemicelluloses exist as
heteropolymers, except in the case of xylan in some plant species (GiRIO et al., 2010). The
nature and contents of this heteropolymer chain vary, depending on the type of lignocellulosic
biomass. For example in softwood, galactoglucomannans are the main hemicelluloses,

followed by arabinoglucuronoxylan and arabinogalactan. The hemicelluloses of hardwood
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mainly consist of glucuronoxylan with small amounts of glucomannan. Apart from these main
heteropolymer chains, traces of D-galactosyluronic acid, D-galactose, L-arabinose and L-

rhamnose are often found in starch and pectic substance (SIOSTROM, 1993).

Due to low degree of polymerisation, hemicellulose is less marked in fibre forming property.
They are very soluble in hot water, alkali and can easily be hydrolysed to simple sugars using
dilute acids. They are chemically less specific compared to cellulose and may give lesser

yield of specific chemicals in lignocellulosic biomass conversion to renewable fuels and

energy.
Pentoses | Hexuronic acids | | Deoxy-hexoses
OH COOH
O OH O _OH O OH HO O OH
OH OH OH CHs
HO HO HO
OH OH OH OH OH
B-D-Xylose B-D-Glucose B-D-Glucuronic acid a-L-Rhamnose
OH COOH
HO O OH O OH o O OH
OH OH OH OH CHs  OH
HO HyCO OH HO
OH OH OH
a-L-Arabinopyranose p-D-Mannose a-D-4-O-Methylglucuronic acid a-L-Fucose
OH COOH
o OH HO o HO o
HO OH OH
J :r H OH
OH ©
OH OH OH
a-L-Arabinofuranose a-D-Galactose a-D-Galacturonic acid

Figure 2.2: Structures of polyoses monosaccharide sugars (FENGEL and WEGENER, 1984).

2.1.1.3 Lignin

Lignin is a complex amorphous polymeric substance, found in lignocellulose biomass, as an
integral constituent of the secondary cell wall, cementing the holocellulose polymer. It largely
contributes to the mechanical strength of plants, making it possible for 100m long trees to be
able to stand upright (FENGEL and WEGENER, 1984). It makes up 20-35% of the organic
component of wood and ranks next to cellulose, as the second most abundant organic polymer
on Earth (BOERJAN et al.,, 2003; KLEINERT and BARTH, 2008; SJOSTROM, 1993). Its

distribution within different parts of lignocellulosic plants is irregular, with the highest
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concentration found in the middle lamella cum primary cell wall. It is the most hydrophobic
component of biomass main components and is lesser biodegradable than holocellulose. In
terms of chemical structure, lignin is a biopolymer consisting of phenylpropanoid units
namely; p-hydroxylphenyl (H), guaiacyl (G) and syringyl (S), whereby the phenyl ring is
substituted with hydroxyl and alkoxyl groups, depending on the type of wood or plant. The
three basic precursors of lignin monomers (known as lignols) are p-coumaryl alcohol,
coniferyl alcohol and sinapyl alcohol (BOERJAN et al., 2003; FENGEL and WEGENER, 1984).
These lignols (depicted in Figure 2.3) are distinguishing features of different types of
lignocellulosic biomass. Coniferyl alcohol is the main lignin precursor in all gymnosperms
with over 80% of the lignin content. The lignin of angiosperms consists of different
compositions of coniferyl and sinapyl alcohols, while that of Gramineae has relatively high

amount of coumaryl alcohol (SJOSTROM, 1993)

OH OH OH
G Z G
OCH;  H,CO OCH,4
OH
p-Coumaryl Coniferyl Syringyl Designations of
alcohol alcohol alcohol carbon atoms

Figure 2.3: Monomers of lignin and their carbons’ designation.

The combination of lignols to form dimer, trimer and other oligomeric lignols through
enzymatic-initiated polymerisation reactions give rise to different bonding within lignin
macromolecule as shown in Figure 2.4. The frequency of occurrence of these bonding types
varies depending on the lignocellulose type. According to FENGEL and WEGENER (1984), the
B-O-4 linkage is the most frequent bonding type in gymnosperms and angiosperms, due to
high n-electron densities around methoxy (oxygen atom) group(s) at the meta-positions on the
phenyl ring. Other authors have noted that this bonding occurrence in softwood is about 50%,

followed by 5-5, a-O-4 and B-5 while -1 and B-P are sparingly found (Pu et al., 2008).

2.1.1.4 Extractives
Extractives are various compounds with low oxygen content such as terpenes, polyphenols,

fatty alcohols and fatty acids found mostly in woody biomass. They are lipophilic and
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hydrophilic compounds. Their functions in wood include colouration, natural durability,

protection against insects and fungal attack. They constitute an important raw material for

organic chemical production and have a high biological importance (SJOSTROM, 1993). Often

found in low amounts, their contents and compositions vary among biomasses, depending on

type and part of wood, storage time and location (VARHEGYI et al., 2004). Bark free

lignocellulose biomass may contain 4-5 times less extractives than bark containing woods

(OASMAA et al., 2003a). This partly explains the higher extractive content in forestry residue

compared to other lignocellulose biomass. The rapid reduction in total extractives on storage

is largely due to the volatility of terpenes, and hydrolysis of both triglycerides and stearyl

esters (OASMAA et al., 2003a).
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Figure 2.4: Typical dilignol structures with common linkages (FENGEL and WEGENER, 1984)




Chapter 2: Lignocellulosic biomass and its applications 11

Extractives are located in specific morphological sites within wood structure. The resin acids
are found in resin canals, fats and waxes are in the ray parenchyma cells while the phenolic
types are present in bark and heartwood (SIOSTROM, 1993). Extractives content in a woody
biomass can be extracted using organic solvents but the extraction functions best with the
combination of polar and non-polar solvent in sequential steps. However, polar solvents such
as methanol and water (especially) may cause slight removal of some hemicellulose and ash

contents.

2.1.15 Ash

The inorganic component of lignocellulosic biomass constitutes the ash content. The most
predominant element in wood ash is calcium, followed by potassium, magnesium and sodium.
These elements make up about 82-95% of the total mineral content. The sum of other
elements is often less than 1% (FENGEL and WEGENER, 1984). They exist as carbonates,
phosphates, silicates and sulphates and located in the wood cell wall (partially bound to
carboxyl groups in xylan) and lumina (SIOSTROM, 1993). Similar to extractives, ash content of
bark is 10 times higher than amount found in other parts of wood. Ash constituents located in
the lumen especially, the alkali and alkaline earth metals are simply removable by washing
with water. However, those bound to the cell wall through complexation especially heavy

metals are only removable using aqueous acid or complexing agents.

Ash content varies among different lignocellulosic biomasses. And geographic location is
another strong influencing factor. Ash content of most temperate woody biomass is often less
than 1% whereas in tropical wood types, it could be as high as 5%. Annual plants such as
straw and husk can have up to 25% inorganic salt content (FAIX, 2004a; RAVEENDRAN et al.,
1995).

2.1.2  Analysis of lignocellulose

Chemical characterisation of lignocellulosic biomass is an essential tool needed in adjudging
the usefulness of different feedstocks. With the growing interest in the conversion of biomass
to fuel and chemical, the efficiency of conversion processes will be greatly hindered without a
proper feedstock analysis. Owing to the complexity of lignocellulose macrostructure, great
skill is often required to selectively separate these components from one another for effective

chemical analyses. This is because of the intrinsic ultra-structural and chemical combinations
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among different constituents. In addition, the wood components exhibit different chemical

behaviour. They therefore needed to be distinctively analysed.

In actual fact, there is no unified analytical method for the analysis of wood major and minor
components (AGBLEVOR et al., 1997). The available methods are collections of those used in
scientific researches and industries. Modified methods are often applied, besides the classical
analytical methods, to overcome aforementioned compositional complexity (FENGEL and

WEGENER, 1984).

As stated above, for proper analyses, separation of different components of lignocellulosic
biomass is required. The main task in this regard concerns the use of appropriate isolation and
purification methods that meet analyses goals. There are several diverse analytical methods
used by various industries (such as the pulp and paper or the forage and food industry). Their
utilization of biomass requires detailed feedstock analyses. Amongst the most popular
methods are the TAPPI (Technical Association of Pulp and Paper Industry) and ASTM
(American Society of Material and Testing) methods used by pulp/paper and wood industries
respectively. The National Renewable Energy Laboratory (NREL) has also developed some
analytical standards for compositional analysis of renewable feedstock for energy purpose.
They mostly involve physical test, measurements and summative analyses of different

biomass components.

In concise, analyses of extractive, ash and main components of the cell wall, holocellulose
and lignin can be broadly carried out while more detailed analyses will involve the
determination of different functional groups in each of the components. The analysis of the
main components is carried out using extract-free sample since the extractives can negatively

influence subsequent analyses owning to their partial removal.

For the extractives analysis, the simplest method involves the use of soxhlet extraction with
different organic extraction solvents ranging from non-polar to polar, to obtain various classes
of compounds. The amount of extractives can then be gravimetrically determined following
the evaporation of the solvents. The mass of extractives obtained reduces with decrease in
solvent polarity; methanol > acetone > dichloromethane > hexane (PENG et al., 2010). No
single solvent is capable of removing all the lipophilic extracts, hence combination of solvents
work more effective (WALLIS and WEARNE, 1997). However, it has been observed that the

relative amounts of lipophilic extracts do not differ in each of the solvent (PENG et al., 2010).



Chapter 2: Lignocellulosic biomass and its applications 13

Some common practices involve the combination of polar and non-polar solvents such as
toluene—ethanol (2:1, v/v) and chloroform—methanol (2:1, v/v). A successive extraction using
petroleum ether, acetone and methanol-water (70/30, v/v) can also be used. Extraction of
samples, using Supercritical Fluid Extraction (SFE) and Accelerated Solvent Extraction
(ASE) with appropriate solvent, are more modern extraction choices applied nowadays (PENG
et al., 2010; WILLFOR et al., 2005). Detailed analysis of the extract mixtures can be carried
out using gas liquid chromatography and high-performance liquid chromatography following

appropriate clean-up procedure(s).

The analysis of polysaccharides is carried out following delignification, a step through which
the lignin components of the sample are removed. One of the prominent delignification
procedures involves the use of acidified sodium chlorite (NaClO,) according to WISE et al.
(FArx, 2004b). The use of chlorine gas, followed by extraction according to the method of
VAN BECKUM and RITTER, is another possible route of delignification (FAIX, 2004b). The
whitish residue obtained from these reactions is the holocellulose, which can be strategically
treated with sodium hydroxide solution for the removal of hemicellulose to obtain different

cellulose fractions (FAIX, 2004b).

However, these analytical methods are only appropriate for gravimetric estimations of the
holocellulose content. The residue is not entirely lignin free and therefore inappropriate for
analysis of constituent sugars. With the availability of modern analytical tools, the
determination of the polysaccharides is usually done with total hydrolysis of carbohydrate in
biomass, whereby the entire lignin component is obtained as residue. The cell wall
polysaccharides are depolymerised into constituent sugars and the solution is quantitatively
and qualitatively analysed, using high pressure liquid chromatography (HPLC) or gas
chromatography (GC) (DAvVIS, 1998; KAAR et al., 1991). For effective depolymerisation of
polysaccharides and to minimise the effects of acid resistance by some glycosidic bond,
several hydrolysis technique have been developed for effective depolymerisation (DE RUITER
et al., 1992; L1 et al.,, 2007; WILLFOR et al., 2009). In most cases, derivatisation of the

polysaccharide is necessary for more accurate analysis.

For gravimetric determination of lignin, the standard method involves digesting the sample
with 72% H,SO4 in a complete hydrolysis step according to (TAPPI T222 om-88). The

residue obtained thereafter is known as Klason’s lignin. The acid soluble lignin in the solution
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can be determined with UV at absorption band of 190nm (SLUITER et al., 2010). A more
detailed analysis of lignin will require combination of several analytical techniques and

spectroscopy for structural elucidation

The ash analysis is performed using whole sample. The determination is done by oxidising
the sample in a furnace at the temperature of 575°C with or without pre-ashing step. The
exact inorganic constituents can be analysed using Inductively Coupled Plasma Optical

Emission Spectroscopy (ICP-OES) or Atomic Absorption Spectroscopy (AAS).

2.2 Thermochemical conversion processes of lignocellulose

Thermochemical conversion of biomass involves the use of heat in breaking the complex
biopolymer into smaller chemical units, primarily, in a non-reactive environment. It offers
efficient and economic means through which gaseous, liquid and solid (char) fuels can be
generated from biomass. This process existed and has been utilised much earlier than 18"
century, when the first patent right was given to gasification scientist; Robert Gardner
(DEMIRBAS, 2010). It has been used to process biomass into charcoal, tar products and gases.
The technology development was however abandoned shortly after the discovery of

petroleum.

Thermochemical conversion can be categorised into three main routes namely: combustion,
gasification, liquefaction and pyrolysis (BALAT, 2008b). This categorisation can be reduced to
just pyrolysis and liquefaction, gasification and combustion been forms of pyrolysis with
partial and total oxidation of primary products (BRIDGWATER, 2010). Pyrolysis involves the
use of elevated temperature in the absence of oxygen to decompose organic matter. The word
itself is derived from two Greek elements; pyr (fire) and lysis (disintegration). Liquid, gas and
solid products are obtained from this process but their proportion vary and largely depend on
operational parameters, given rise to different forms of pyrolysis modes, a brief detail of

which is shown in Table 2.1

Combustion, which is a process of thermal conversion of biomass for the purpose of
generating energy and electricity, is here excluded from this categorisation, since the aim is
not to generate chemical products, but to abstract the bulk energy content in lignocelluloses. It
involves oxidative conversion of organic matters in biomass usually in the presence of excess

oxygen (air).
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Table 2.1: Modes of pyrolysis and typical yields of their products (dry wood basis)

Mode Conditions Liquid Solid Gas
Fast ~500°C, short hot vapour 75% 12% char  13%
residence time ~1 s
Intermediate ~500°C, hot vapour residence 50% in 2 phases ~ 25% char 25%
time ~10-30 s
Slow — ~290°C, solid residence time 0% if vapour are ~ 80% char 20%
Torrefaction  ~30s burned
Carbonization ~400°C, long vapour residence  30% 35% char 35%
hour — days
Gasification ~750-900°C 5% 10% char  85%

(BRIDGWATER, 2010)

Gasification on the other hand is a form of pyrolysis, aims at total decomposition of biomass
(at high temperature). Here, gasses such as hydrogen, oxides of carbon and light hydrocarbons
are the main products. Fast pyrolysis and liquefaction distinguish themselves from
gasification in that both majorly produce liquid products (mixture of several chemical
compounds), which can be refined and further processed to obtain valuable chemicals. In
addition, gasification can still proceed in environment with limited oxygen; this scenario is

undesirable in liquefaction and pyrolysis processes.

Liquefaction involves the depolymerisation of biomass at temperature between 150°C and
420°C and elevated pressure (1-240 bar), using a liquid medium as a heat carrier (BEHRENDT
et al., 2008). The use of water as heating and reaction media at temperature of 300-350°C and
pressure 12-20 Mpa give raise to the process known as hydrothermal liquefaction. The main
difference between this and the most popular thermochemical method (pyrolysis) is the
absence of liquid as heating medium in the latter, which is also operated, often at normal

pressure.

Pyrolysis has found application not only in the renewable energy but also petroleum industry
for breaking heavy petroleum molecules for chemical production (RODRIGUEZ-REINOSO et al.,
2001; TORREGROSA-RODRIGUEZ et al., 2000). Tobacco industries also rely on this process to

examine the burning properties of products (TORIKAIU et al., 2004; WoiTowICZ et al., 2003).



Chapter 2: Lignocellulosic biomass and its applications 16

2.2.1  Fast pyrolysis

Fast pyrolysis refers to pyrolysis process with high heating rates and short reaction times. It
involves very fast heating of feedstock (>10K/s) at temperatures of about 500 °C in the
absence of oxygen. This results in decomposition of the sample into a mixture of vapours and
aerosols. The mixture is rapidly cooled to obtain a condensable organic liquid product
(BRIDGWATER and PEACOCKE, 2000; DEMIRBAS and ARIN, 2002). Other by-products are non-
condensable gases and char. The principle of fast pyrolysis involves rapid transfer of heat to
the particle surface and subsequent transfer of the energy into the particle through conduction.
Various biopolymers in the lignocellulose including extractives are defragmented into small
condensable vapour and non-condensable gases coupled with char formation. To maximize
the condensable liquid product, which is the primary aim of fast pyrolysis, it has been noted
that a short residence time of the vapour is required (ACIKGOZ et al., 2004; VENDERBOSCH and
PRINS, 2010). Other important parameters include feedstock particle size and chemical
composition (ACIKGOZ et al., 2004; Lv et al., 2010; SAMOLADA et al., 1990; VARHEGYI et al.,
2004).

Fast pyrolysis is applicable to virtually all forms of lignocellulose such as agricultural and
forestry wastes to generate liquid products. Several laboratory and semi industrial scale fast
pyrolysis units have been employed in investigations with over 100 types of feedstock
(BRIDGWATER, 2010). But of greater interest is the liquid product obtained from the process,
which offers huge potentials for the derivation of chemicals from renewable sources

(BRIDGWATER, 1996).

The reactor, in which the conversion process takes place, is central to the effectiveness of fast
pyrolysis. Several types of fast pyrolysis reactors have been developed with the aim of
improving the process efficiency, the throughput of the feedstock and the quality of products.
With slight variations in composition, the natures of products from these reactors are largely
similar. Descriptions of these reactors are well documented in many literature reviews
published by different authors (BAHNG et al., 2009; BRIDGWATER, 2010; MEIER and FAIX,
1999; VENDERBOSCH and PRINS, 2010). These reactors include fluidized bed (BOATENG et
al., 2007; GARCIA-PEREZ et al., 2008b), circulating fluidized bed (CHEN et al., 2004; DAI et
al., 2000), ablative (BECH and JENSEN, 2007; LEDE, 2003), entrained flow type (JARVIS et al.,
2010), vortex, auger system (GARCIA-PEREZ et al., 2007; INGRAM et al., 2008) and rotating

cone reactor (PARN, 2005).
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Of great importance to effective analysis of several pyrolysis volatile products is the online
analytical pyrolysis unit coupled to gas chromatography and mass spectrometry (Py/GC-MS).
This instrument has been widely applied to study pyrolysed products composition (ALVES et
al., 2009; BUDGELL et al., 1987; GALLETTI et al., 1997). It enables better understanding of
temperature dependence of volatilisation and pyrolytic dissociation reactions (BOON, 1992). It
functions on basic pyrolysis principle like the aforementioned reactors, but in addition, it
enables online quantification of the entire volatile products from the reaction, depending on

the type of column and detector used.

2.2.1.1 Kinetic and mechanism of fast pyrolysis

Comprehensive knowledge about the mechanisms for the formation of chemical products
during the pyrolysis of lignocellulose is an essential tool required in engineering appropriate
routes to desired chemical products. However, mastering this knowledge still remains an
overwhelming task, especially, in respect to the fast pyrolysis. The major constituents of
lignocellulose behave differently during thermal composition. The temperature dependence of
these components has been studied using thermo-gravimetric analysis (TGA) by several
workers (DE WILD et al., 2009; WILLIAMS and BESLER, 1996; YANG et al., 2007; YANG et al.,
2006).

A plot of both TG (in weight %) and differential TG (in % °C™'") against temperature as
demonstrated by YANG et al. (2006, 2007) in Figure 2.5 indicates that the first chemical
decomposition starts around 220°C and attains maximum at around 260°C for hemicellulose.
The DTG plot shows weight-loss rate for this polysaccharide at temperature above 315°C was
less than 0.0999 wt.% /°C (YANG et al., 2006). Other authors have however observed that the
decomposition ends at around 400°C (VENDERBOSCH and PRINS, 2010). The discrepancy may

be due to different heating rates employed in experiments.

Cellulose is slightly more thermally stable than hemicellulose. Its first decomposition
occurred around 315°C showing a broad decomposition peak that spans over 90°C
(VENDERBOSCH and PRINS, 2010; YANG et al., 2006). This behaviour can be attributed to the
presence of high crystalline region in cellulose. The thermal cleavage in cellulose probably
commences at the transition point between crystalline to amorphous regions in the polymer

chain.
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Lignin thermal decomposition is the slowest of all major lignocellulose constituents. It spans
the highest temperature range from 160°C up to 900°C (YANG et al., 2006). VENDERBOSCH
and PRINS (2010) observed that the conversion of lignin at optimum pyrolysis temperature of
500°C is limited to 40%. They also noted that the solid char residue left after the pyrolysis of

biomass (at aforementioned temperature) is mainly derived from lignin.
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Figure 2.5: Pyrolysis curves of hemicellulose, cellulose and lignin n TGA (Yang et al., 2007,
Yang et al., 2006)

Studies on the reaction behaviour of major biopolymer constituents have revealed that the
decomposition process is a combination of endothermic and exothermic reactions, with
respect to the degradation of lignin and cellulose respectively (PISKORZ et al., 1986).
However, it has been noted that the conversion process maintains an exothermic overall

energy change (BECIDAN et al., 2007).

Based on early works of Shafizadeh and co-workers, a simple mechanism (model) was
proposed that summarises the kinetic event during the pyrolysis of polysaccharides
(SHAFIZADEH, 1982; SHAFIZADEH and Fu, 1973; SHAFIZADEH et al., 1979). The ‘Broido-
Shafizadeh model” on the multistep mechanism of cellulose decomposition serves as the basis
from which simulation of the reaction kinetic of lignocellulose has been derived by many
other authors (PISKORZ et al., 1986; VARHEGYI et al., 1997). It describes the formation of

active cellulose during heating from which other products emerged according to Figure 2.6.
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The validity of this mechanism in fast pyrolysis, under which the formation of volatiles is

favoured at the expense of char, however remains a subject of controversy (PISKORZ et al.,

1986). Another mechanism known as the random chain cleavage has been proposed (RADLEIN

et al., 1991). It represents events in fast pyrolysis with minimum contributions from

impurities and alkaline metal adequately (PISKORz et al., 2000). The zipping model of

Shafizadeh however, still serves as good approximation, which is widely employed in

explaining pyrolysis mechanism.
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Figure 2.6: Kinetic model for pyrolysis of pure cellulose under vacuum (PISKORZ et al.,

1986)

According to DEMIRBAS (2010), the decomposition of lignocellulose during pyrolysis can be

simplified into five steps):

The temperature of the lignocellulose is raised by energy transferred from heating
source.

The primary pyrolysis reaction is initialised at higher temperature leading to the
release of volatiles and char.

Energy is transferred from hot volatiles to cooler regions in the lignocellulose through
volatile flow movement.

Condensation of the volatiles around cooler regions in lignocelluloses is followed by
secondary reactions leading to tar production.

Occurrence of simultaneous and competing reactions between autocatalytic secondary

reactions and the primary pyrolytic reactions.
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e Depending on the temperature and residence time, occurrence of different processes:
continuation of thermal decomposition, reforming, water-gas shift reactions, radicals’

combination and possible dehydration.

2.2.1.2 Reaction mechanisms of polysaccharide

The decomposition of polysaccharides has been summarised to involve several competing
reaction steps, including depolymerisation via transglycosylation, dehydration,
disproportionation, decarboxylation and retro-aldol reactions (BALAT, 2008a; PONDER and

RICHARDS, 1993).

On the formation of individual products, SHAFIZADEH et al. (1973) explained the formation of
levoglucosan (the main cellulose pyrolysis product) and other anhydrosugars, via the
transglycosylation process as shown in Figure 2.7. This conversion occurs following the

cleavage of the glycosidic bond.
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Figure 2.7: Transformation of cellulose products during pyrolysis (SHAFIZADEH and FU,
1973)
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They noted that the fate of these anhydrosugars depends on their relative stability and reaction
conditions. These probably explain the discrepancy in quantities of anhydrosugars found in
the pyrolysate of lignocellulose, as observed by other authors (PISKORZ et al., 1986). Besides
levoglucosan, it has been found that dimmeric (cellobiosan) and other polymeric
anhydrosugars are also present in the pyrolysate (LOMAX et al., 1991). Formations of
cellobiose can occur through dimerisation of the levoglucosan or as product from the active

cellulose in Shafizadeh’s scheme (LIU et al., 2008).

Based on aforementioned Shafizadeh model and propositions of POUWELS et al. (1989),
shown in Figure 2.8. A number of probable reaction pathways for low molecular volatile
products from cellulose through random homolytic and heterolytic fragmentations have been

proposed by other workers (BOON et al., 1994; BREMER, 1991).
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Figure 2.8: Possible intermediates and reaction pathways for small pyrolysis products from
levoglucosan (POUWELS et al., 1989).

Key: (1) 3-hydroxypropanal; (2) 2,3 dihydroxypropanal; (3), propanedialdehyde; (4) acetaldehyde; (5) 2-

hydroxybutanedialdehyde; (6) acetaldehyde; (7) hydroxyacetaldehyde; (8) 2-hydroxybutanedialdehyde; (9)

hydroxypropanone; (10) 2,3-dihydroxypropanal; (11) 2,3-butanedione; (12) propanedialdehyde.



Chapter 2: Lignocellulosic biomass and its applications 22

Many authors have disputed the formation of cellulose derived volatile products been entirely
through levoglucosan (PONDER and RICHARDS, 1993; RICHARDS, 1987). For instance,
RICHARDS (1987) and BOON (1994) opined that the formation of hydroxyacetaldehyde, one of
the major chemicals found in pyrolysates, could occurred through reverse aldolisation of
depolymerised cellulose, parallel to the formation of levoglucosan as shown in Figure 2.9.

Other possible products through this process include acetaldehyde, acetol, furfural etc.

Notwithstanding, these views do not eliminate the correctness of the Shafizadeh models. It
can be said that the emergence of many volatile products from cellulose, just like in the entire
lignocellulose, probably occur through homolytic and heterolytic decomposition reactions,
but with some few predominant reaction in each case, depending on the reaction conditions.

OH 1 OR

e

OH

Figure 2.9: Formation of hydroxyacetaldehyde via 2+2+2 cyclo-reversion of cellulose (BOON
et al., 1994)

The scheme depicted in Figure 2.10 illustrates reaction mechanisms for the production of
cyclic compounds (furans and pyrans) from other anhydrosugars, as proposed by POUWELS et
al. (1989). However, most of these reaction pathways largely remain unverified through
reaction mechanism studies and provide vague explanation on the formation of gases such as

CO and CHy, which are clearer in the work of SHAFIZADEH (1982).

The mechanism of formation of hemicellulose derived products may not be substantially
different from that of cellulose, save difference occasioned by high degree of polymerisation
and crystallinity in the latter. A number of mechanisms speculated by some authors support
this assertion (BREMER, 1991; SHEN et al., 2010a). Acetic acid is a major pyrolysis product
found in the pyrolysis oil of xylan rich lignocelluloses such as hardwood and annual plant
residues (straw). It is produced from the fragmentation of acetyls attached to the o-acetyl-
xylan units (SHEN et al., 2010a). However, this product has also been detected as a
decomposition product of cellulose following the rehydration of ketene from

hydroxyacetaldehyde (PONDER and RICHARDS, 1993).
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Figure 2.10: Possible routes for the formation of furans and pyran derivatives from anhydro-

oligosaccharides (POUWELS et al., 1989).
Products: (13) 3.4-dihydropyran-2,5-dione; (14)=(13); (15) methyl-formyl-(4H)-pyran-4-one; (16) 2-
(hydroxymethyl)-furan; (17) (3H)-furan-2-one; (18) (5-)acetyltetrahydrofuran-2-one; (19) 3-hydroxy-2-methyl-
(4H)-pyran-4-one; (20) tetrahydrofuran-3-one; (21) 2,4-dihydropyran-3-one; (22) 2,4-dihydropyran-3-one; (23)
4-hydroxy-5,6-dihydro-(2H)-pyran-2-one; (24) 5-(2-hydroxyethylidene)-(5H)-furan-2-one.
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High content of acetic acid in xylan rich lignocellulose may implies the predominance of its
formation through the peeling off reaction. Other products obtainable from the pyrolysis of
xylan include acetaldehyde, formic acid, propionaldehyde, methanol, and 2-furaldeyhde
(SHAFIZADEH et al., 1972). According to BREMER (1991), the formation of 4-hydroxy-5,6-
dihydro-(2H)-pyran-2-one, as one of the main products from xylan could emerge through the

pathway depicted in Figure 2.11.

CH,

o)

© ° 2H,0 °
Ral)
_— —_—
OH OH

Figure 2.11: Formation of 4-Hydroxy-5,6-dihydro-(2H)-pyran-2-one from 1,5-Anhydro-f-D-
xylofuranose (BREMER, 1991).

The formation of water (known as reaction water) found in BCO has being attributed to
intermolecular dehydration resulting in the formation of chains linked by ether groups and

inter-chain cross-linking (RADLEIN et al., 1991).

2.2.1.3 Reaction mechanisms of lignin

The mechanism of reactions leading to the production of lignin derived pyrolytic products is
more complex than that of polysaccharides. This is due to the numerous bonding forms that
exist in the three dimensional heteropolymer. This reason partly explains the difficulty in
arriving at a general reaction pathway for lignin by researchers. The difference in lignin
constituents of different type of woods is another possible cause. Lignin pyrolytic degradation
products consist of various phenolic compounds with different substitutions. These products
emerge, following the thermal rupture of a- and B-alkyl-aryl ether bonds in lignin. The
production of high amounts of monolignols has been attributed to the predominance of bond
cleavage at the B-O-4 linkages in the macromolecule (KLAP et al., 1998; SA1Z-JIMENEZ and
DE LEEUW, 1986).

Various chemical events during the decomposition of lignin against temperature profile as
outlined by VORHER (1976) are shown in Table 2.2. It is presumed that homolytic
fragmentation is mostly responsible for the fragmentation than heterolytic fragmentation since

the former requires lesser energy for the fragmentation reaction (VORHER, 1976).
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Table 2.2: Overview of chemical events against temperature gradient during pyrolysis of

lignin (VORHER, 1976).

Temperature Chemical events Product
[°C]

up to 175 Structural changes such as contraction and compression due to ~ Water
abstraction of water molecule

175-250 Cleavage of B-, aryl- and alkyl ethers Lignin fragments
Intra molecular dehydration Water

250-300 Rupture of substituent with a-Hydroxyl- and Carbonyl groups  Phenols, aldehydes,
at Co- und Cg-atom positions aliphatic products

300 -330 Cleavage of substituents (without reactive groups) at C,- und Phenols and
Cp- group and on aromatic ring aliphatic products

325-330 Cleavage of C-C Phenols and
Commencement of condensation and polymerisation of oligomers
fragmented products

330 — 400 Attainment of main phase of pyrolytic decomposition; Phenols,
Demethoxylation & fragmentation of phenylpropane continue;  aliphatic products,
Formation of pyrolysates products through re-coupling of neutral fractions,
radicals; Stability of some linkages: biphenyl (up to 385°C), organic acids,
phenylcoumaran and resinol (up to 400°C) gas and residue

From 400 Stabilisation of the degradation rate and as above
Formation of stable structures

From 600 Formation of char from residue and Char
Further degradation of volatile products Gas

Using lignin model substances, a number of authors have suggested that homolytic free-

radical mechanism and intensive 6-centre retro-ene are involved in lignin thermal degradation

(AUTREY et al., 1991; PETROCELLI and KLEIN, 1984; VAN DER HAGE et al., 1993). A modified

representation of these mechanisms presented by VAN DER HAGE et al. (1993) is shown in

Figure 2.12.

The production of phenol-, cresol- and catechol-type aromatic compounds result from

secondary fragmentation of the primary guaicyl and syringyl products through free-radical

chain reaction (SHEN et al., 2010b). The demethoxylation of the original moiety precedes the
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emergence of these products (AMEN-CHEN et al., 2001). On the source of dimeric and
oligomeric lignin derived products in pyrolysates, owing to the free radical reaction pathway,
decomposed products can react with one another to form dimeric and polymeric products. In
contrary, VAN DER HAGE et al. (1993) noted that the higher thermal stability of aryl-aryl, aryl-
alkyl and alkyl-alkyl bonds with respect to ethers bonds preserved part of the original lignin.
This explains the detection of phenylcoumaran (-5 linkage), phenylcoumarone (-5 linkage),
biphenyl (5-5 linkage) and resinol (B- B linkage) structures in the pyrolysis products.
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Figure 2.12 : (a) Free radical (b) free radical and concerted 6-centre retro-ene thermal
degradation pathways of $-O-4 linked lignin structures (VAN DER HAGE et al.,
1993)
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2.2.2  Fast pyrolysis liquid product from lignocellulose

There are basically three main products obtainable from fast pyrolysis of lignocellulose
namely; a liquid product, a mixture of non-condensable gases (such as CO,, CO, methane
etc.) and char. The liquid product is a dark brown mixture of over 300 condensable organic
chemical products in varying proportions (CZERNIK and BRIDGWATER, 2004). It has numerous
synonyms, which include bio oil; pyrolysis oil; bio crude oil (BCO), wood oil, pyrolysate oil
etc. BCO is formed following a rapid cooling of the intermediate products obtained from
pyrolysed lignocellulose. It is a single phase organic product, especially when obtained from
bark-free woody biomass. On the basis of dry feedstock, BCO made up 60-75% average
yield. Owning to high metal contents in annual plants such as grasses, its pyrolysis liquid
yield is found between 55 and 60 wt. % on a dry basis (BRIDGWATER, 2011). And the product
often consists of two phases (tar and liquid). In case of woody biomass, the liquid yield can be
up to 75%. Char and gases from conversion processes account for 10-15% and 15-20%

respectively. Most ash content of original feedstock is partitioned in the char fraction.

2.2.2.1 Factors affecting the bio crude oil yields and compositions

The yield and composition of BCO depends on factors such as feedstock type and operational
parameters. Variations in the constituents of original feedstocks usually reflect in the yield
and composition of their BCOs. Comprehensive compositional description of BCOs from
different feedstocks have been carried out by previous authors (DEMIRBAS, 2007a; DEMIRBAS
et al., 2004; MOHAN et al., 2006; MULLEN et al., 2009a; OASMAA et al., 2010).

Pyrolyses of different lignocellulosic feedstocks have revealed close relationship between
organic products and constituents of the original materials. The chemical composition of
BCOs obtained from softwoods always contains no traces of syringyl related products as
expected. The lignin macromolecule of softwoods is basically made up of guaiacyl units.
Likewise, the xylan content in hardwoods and many annual plants often results in

corresponding acetic acid content in their BCO.

Considering the result of BA et al. (2004), high carbon and low oxygen contents was found in
the vacuum-pyrolysis of softwood bark unlike the usual reported values in BCO from bark-
free lignocellulose. High extractive content in the bark is a possible reason for this difference
as indicated by relatively high viscosity of 62 cSt (at 50°C) and high calorific heat value of
27.9 MJ/kg.
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In another investigation, feedstocks such as Pterocarpus indicus, Cunninghamia lanceolata,
Fraxinus mandshurica and rice straw pyrolysed in a fluidised-bed reactor at optimum
temperature of 500°C revealed that Pterocarpus indicus produced the best BCO on the basis
of yield, heating value and low water content (LUO et al., 2004). The BCO contained mainly

furfural, phenol, 2-methyl, phenol, 2, 4-dimethyl levoglucosan, vanillin, and furan-2-one.

In the work of other workers (YANIK et al., 2007), BCOs were obtained from three
agricultural waste namely corncob, straw and oreganum stalk using a bench scale continuous
fluidized bed. The products were fractionated into water soluble and pyrolytic lignin fractions.
The results showed varying concentration of main pyrolytic products such as acetic acid,
hydroxyacetaldehyde and acetol. Several other feedstocks including nuts and seed, algae etc.
have been pyrolysed by other authors (D1 BLASI et al., 1999; OASMAA et al., 2010; SENSOZ
and ANGIN, 2008; TsAI et al., 2007).

However, the main goal of most trials is to find feedstock, whose BCO meets better quality
and essential criteria as fuel product. Consequently, less attention has been paid to adjudging
them on the basis of their chemical compositions suitability for chemical production. Among
several factors that affect BCO yield and composition, feedstock properties with respect to
ash content is viewed to have dominant effects (FAHMI et al., 2008). High concentrations of
alkali and alkaline earth metal (potassium and calcium) are ubiquitous in lignocellulose. And
these metals have catalytic effect on products of pyrolysis processes. However, their catalytic
effects on the composition of liquid products vary (KEOWN et al., 2008; RAVEENDRAN et al.,
1995).

BRIDGWATER (1996) observed that BCO yields can be controlled through conversion process
parameters such as temperature, heating rate and vapour residence time. For instance,
improvement in the heating rate combined with short residence time of the vapour maximise
the gas and the liquid products. Typical organic yields from various lignocelluloses and

temperature dependence of Poplar-Aspen are depicted in Figure 2.13.

The influence of temperature is one of the most investigated of these parametric factors.
Detailed information of this can be found in numerous published works by various authors
(ATES and ISIKDAG, 2008; DEMIRBAS, 2004, 2007a; GARCIA-PEREZ et al., 2008a; WESTERHOF

et al., 2009). Effects of these parameters are not limited to just the yield but also affect the
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overall chemical composition of the product. Garcia-Perez et al (2008a) observed increase in

the presence oligomers in BCO obtained at temperature above 350°C.
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Figure 2.13: Effects of (a) temperature on pyrolysis products and (b) feedstock type on
organic liquid yield (TOFT, 1998).

2.2.2.2 Bio crude oil characteristics
BCO is a free flowing highly oxygenated mixture. It has an acrid smoky odour due to the low
molecular weight aldehydes and acids (BRIDGWATER, 2010). It has water content of ~18-

30%, depending on feedstocks and conditions of pyrolysis. The water content is derived from
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the feedstock moisture and reaction water. This water is not readily separable from the
mixture but a fraction of it can be evaporated using vacuum distillation at 30°C, giving a more
viscous product. It functions to reduce the viscosity of the oil, but contribute to its poor lower
heating value (LHV) and flame temperature (CZERNIK and BRIDGWATER, 2004). Water
content in BCO is best determined using Karl-Fischer titration method (OASMAA and MEIER,
2005).

The organic liquid is slightly denser than water. It is miscible with methanol, ethanol and
acetone but not with petroleum derived fuels. The elemental composition is comparable to
that of original lignocellulose. Summary of some of its typical properties against heavy fuel
oil are shown in Table 2.3. BCO has wide varying boiling points due to the presence of
different volatile and non-volatiles like sugars and oligomeric phenols. The presence of these
non-volatile components makes its distillation impossible beyond 250-280°C, leaving behind
almost 35% residue as products of polymerization reaction (CZERNIK and BRIDGWATER,
2004).

Table 2.3: Physical properties of bio crude oil (BCO) and mineral oil

Properties BCO Heavy fuel oil
moisture content, wt. % 15-30 0.1
pH value 2.5-3.5
elemental composition, wt. %
C 54-58 85
H 5.5-7.0 11
O 35-40 1.0
N 0-0.2 0.3
ash, % 0-0.2 0.1
HHV (MJ/kg) 16-19 40
viscosity @ 40°C, cP 35-1000 180
solid, wt. % 0.2-1.0 1
Density g/cm’ 1.19-1.28 0.93
distillation residue, wt. % Up to 50 1
Pour point -12 --33°C 0.3

Modified data adapted from (CZERNIK and BRIDGWATER, 2004)

With oxygen content of 35-40 wt.% , almost the entire original oxygen content in feedstock is
retained in different compounds found in BCO. This, in addition to water content, is
responsible for the great difference in its heating value compared to that of hydrocarbons (<50

%). In addition, it contributes to the storage instability of the product (CZERNIK and
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BRIDGWATER, 2004; OASMAA and CZERNIK, 1999). BCO can be stored for several years
under normal storage condition without any substantial deterioration in its properties save
increase in viscosity (BRIDGWATER, 2010). The presence of many organic acids such as acetic
and formic acids put the pH of BCO around 2-3 and acid value of 50-100 mg KOH/g thereby
making it corrosive to construction materials such as aluminium and steel. The oil is not

corrosive to stainless steel metals (OASMAA and CZERNIK, 1999).

Over three hundred individual chemical components have been found in BCO (CZERNIK and
BRIDGWATER, 2004; MOHAN et al., 2006). These chemical compounds can be broadly
classified into acids, non-aromatic- alcohols, aldehydes and ketone, furans, pyrans, esters,
sugars, benzenes, catechols, guaiacols (methoxy phenols), syringols (dimethoxy phenols) and
lignin derived phenols. The largest fractions of these products are monomeric chemical
products and decomposition fragments from lignocellulose macromolecules. The phenolic
related compounds are fragmentation products of lignin. The relative amount of individual
chemicals can be controlled through conversion parameters and catalysts. For instance, it has
been noted that increased temperatures induce severe cleavage of alkyl groups on the aromatic
products. The residual phenyl product condensed to form polycyclic aromatics (MOHAN et al.,
2006).

2.2.2.3 Chemical characterization and fractionation of BCO

Complete chemical characterization of BCO remains hard to achieve, owing to the presence
of high molecular products such as oligomeric non-volatile products, from both holocellulose
and lignin macromolecules. The task is more cumbersome, considering intrinsic separation
steps required to reduce the matrix effects from other components, before these heavy
products can be properly characterized. A complete separation of a particular component of

interest from over 300 compounds is very difficult.

Low molecular fractions in BCO consist of monomers that are identifiable through the use of
gas chromatography (GC) fitted with appropriate column. The GC detectable fraction consists
of volatile monomeric fractions from both holocellulose and lignin with medium polarity due
to the presence of one or two hydroxyl units on the compounds. Three most prominent peaks
in GC detectable monomeric fraction are hydroxyacetaldehyde, acetic acid and levoglucosan.
These are holocellulose derived decomposition products. Hydroxyacetaldehyde is the highest

individual fractions in BCO obtained from softwood and some annual plants. And acetic acid
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constitutes the highest fraction in xylan rich lignocellulose, such as hardwood and biomass
from annual plants such as corncob. Many standard analytical methods for the
characterisation of BCO have been developed and employed by many authors (BAYERBACH
and MEIER, 2009; DAS et al., 2004; MULLEN et al., 2009b; OASMAA et al., 2003b; OASMAA

and MEIER, 2005; OASMAA and PEACOCKE, 2001; SIPILA et al., 1998).

Means of separating BCO into different fractions is a vital requirement in order to recover
various chemical products in it. Owning to the complexity of BCO composition (wide range
of polarities and high content of oxygenated products) only solvent fractionation appears
helpful in obtaining different fractions of the product. Several fractionating methods already
developed for obtaining different fractions or a targeted fraction is well documented in several
reviews (MOHAN et al., 2006; VENDERBOSCH and PRINS, 2010). The extraction scheme
developed by Oasmaa et al. (2003a,b) is depicted in Figure 2.14. It enables the fractionation
of different classes of organic compounds in BCO. Closely related to this scheme is the Brix
method developed by the same authors for quick evaluation of BCO sugar content (OASMAA
and KuoppALA, 2008). They observed a good correlation between this method and sugar

fractions obtained from the other solvent fractionation.

BCO can be fractionated into water soluble and water insoluble fractions under the action of
highly agitated mixer (SCHOLZE and MEIER, 2001). The water insoluble fraction (residue after
filtration and washing) is termed pyrolytic lignin (PL). This fraction largely consists of
alkoxylated (poly-) phenyl compounds. The molecular size of this product has been
determined to be around 5000amu (MOHAN et al., 2006). On re-pyrolysing, PL yielded

monomeric phenolic products (BAYERBACH and MEIER, 2009).
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Figure 2.14: Fractionation scheme for BCO chemical characterisation (OASMAA et al., 2003a;
OASMAA et al., 2003b)

Efforts to completely elucidate constituents of the pyrolytic lignin and some of the so called
LC analysable monomers still remain a daunting task. Different modified forms of the
fractionation method have been used by several workers for elucidating chemical constituents
of BCO (BAYERBACH et al., 2006; SCHOLZE et al., 2001; SCHOLZE and MEIER, 2001). Based
on this fractionation and chemical analysis, BAYERBACH AND MEIER (2009) have categorised

BCO into four major fractions shown in Figure 2.15.
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Water
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Figure 2.15: Distribution of BCO major fractions (BAYERBACH and MEIER, 2009).

Although few monomeric sugar decomposition products such as levoglucosan and other
anhydrosugar sugars can be detected using GC, their peaks are often poorly resolved

depending on the separation column and program. Some of these polar products, especially



Chapter 2: Lignocellulosic biomass and its applications 34

the dimeric and oligomeric components, can be better analysed through the use of high
pressure liquid chromatography (HPLC). Their molecular size analysis is carried out using gel
permeation chromatography (GPC). Substantial part of the fraction called monomers

detectable by LC in the figure remains largely uncharacterised.

2.2.3 Chemicals in BCO

The heating of organic matter such as biomass in the absence of oxygen produces a mixture of
gases, liquid and solid products. It is the only conversion path that offers the practicability of
producing arrays of chemicals products via a single step conversion process. Pyrolysis liquid
from slow pyrolysis process has served as a major source of chemicals such as methanol,
acetic acid, turpentine and tars prior to the discovery of petroleum. Many companies like
Chemviron (Germany) and Usine Lambiotte have obtained chemical products from the
organic liquid in commercial quantity (CZERNIK and BRIDGWATER, 2004). Several more
chemical products are produced via fast pyrolysis due to the fast rate of decomposition that
generates numerous radical reactions (DIEBOLD, 1999). Chemicals produced from BCO have
found applications as adhesives, resins, phenol, polyphenols, food flavourings, preservatives,

slow-release fertilizers and deicers (BRIDGWATER, 2010).

BioLime is a BCO derived chemical product, developed by Dynamotive, for capturing SOy
emissions from coal combustor. The product can remove 90-98% SOy from flue gases and
destroy some nitrogen oxides. Also, the use of BCO as a substitute for creosote in wood
preservation has been documented (CZERNIK and BRIDGWATER, 2004). A biodegradable slow-
release nitrogen fertilizer has been produced from BCO reacted with -NH, groups (forming
various imide and amide bonding). Slow degradation of the lignin helps to control soil acidity
and improve the availability of phosphate (CZERNIK and BRIDGWATER, 2004; VENDERBOSCH
and PRINS, 2010). Also, the use of the pyrolytic lignin as a replacement feedstock for the

production of polymers and resins has been proposed (CHERUBINI et al., 2009).

One of the strategies required for the production of useful chemicals from biomass is the
identification of products with substantial yields. So, the production of such chemicals can be
optimised at the expense of other low-yield products through process parameters. Around 40
chemicals in BCO with highest individual yield ever reported have been selected and
enumerated in Table 2.4. A full range of chemicals found in BCO have been enumerated in

some published works (DIEBOLD, 1999, 2002).
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Table 2.4: Chemicals in BCO ranked by their reported maximum yields

BCO, wt.%  Compound Chemical group

0.9-13 Acetaldehyde, hydroxy- Nonaromatic Aldehyde
0.5-12 Acetic acid Acid

0.3-9.1 Formic acid Acid

0.1-8.5 Acetaldehyde Nonaromatic Aldehyde
0.7-7.4 Acetol (Hydroxypropanone) Nonaromatic Ketone
0.1-7.2 Guaiacol, 4-propenyl-(trans) (Isoeugenol) Guaiacol

0.1-5.2 Furanmethanol, 2- (furfural alcohol) Furan

0.7-4.8 Syringol (2,6-dimethoxyphenol) Syringol

0.9-4.6 Ethane, 1,2-dione (ethanedial; glyoxal) Nonaromatic Aldehyde
0.1-3.8 Phenol Phenol

0.1-3.3 Formaldehyde Nonaromatic Aldehyde
0.6-3.2 Cellobiosan Sugar

3.1 Anhydro-B-D-glucofuranose, 1,6- Sugar

0.7-2.9 Fructose Sugar

2.8 Acetone Nonaromatic Ketone
0.4-2.4 Methanol Alcohol

0.1-2.3 Guaiacol, 4-propenyl-(cis) (Eugenol) Guaiacol

0.3-2.2 5-(Hydroxymethyl)furfural (HMF) Furan

0.7-2.0 Ethylene glycol Alcohol

0.1-1.9 Benzene, 1,4-dihydroxy (Hydroquinone) Phenol

0.1-1.9 Guaiacol, 4-methyl- Guaiacol

0.1-1.8 Propanoic acid Acid

0.1-1.5 Syringol, 4-propyl Syringol

0.1-1.5 Syringaldehyde Syringol

0.6-1.4 Ethanol Alcohol

0.4-1.4 Anhydro-B-D-glucopyranose, 1,6- (Levoglucosan) Sugar

0.1-1.4 D-xylose Sugar

0.1-1.3 Phenol, 2-ethyl- Phenol

0.4-1.3 Glucose Sugar

0.1-1.2 Furanone, 5-methyl, 2(5H)- Furan

0.1-1.1 Guaiacol (Phenol, 2-methoxyl) Guaiacol

0.1-1.1 Furan-2-one Furan

0.1-1.1 Furaldehyde, 2- (furfural) Furan

0.1-1.1 Benzaldehyde, 4-hydroxy-3-methoxy- (Vanillin)  Guaiacol

Modified data obtained from (BRIDGWATER, 2010; DIEBOLD, 1999)

Hydroxyacetaldehyde, acetic acid, hydroxypropanone, 3-hydroxypropanol, 5-hydroxy-2,3-
dihydro-(4H)-pyran-4-one, 5-hydroxymethyl-2-furaldehyde, 2-hydroxymethyl-5-hydroxy-
2,3-dihydro-(4H)-pyran-4-one, 1,5-anhydro-fl-D-xylofuranose, levoglucosan are the most
abundant compounds in the degradation mixture of lignocellulose (MEIER and FAIX, 1999).
This list however excludes variations introduced by feedstock chemical composition. In

which case, the content of products such as 1,5-anhydro-fl-D-xylofuranose is less significant
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when compared to other products. These products and some others not mentioned in the table
like maltol have various industrial applications in food flavouring, preservatives, slow release

fertilizer and hydrogen production etc.

Hydroxyacetaldehyde is found in high yield in BCO. This chemical, otherwise known as
glycolaldehyde, has crucial application in food flavouring as the most active agent in liquid
smoke for meat-browning, soft cheeses and tempeh. It can also function as precursor in the
production of acetaldehyde. Furthermore, it is used as building block for several organic
syntheses especially in the synthesis of heterocycles and imidazole. Patented methods have
been developed by Red Arrow Product and RTI for the isolation of hydroxyacetaldehyde
using crystallization (MAJERSKI et al., 2006; STRADAL and UNDERWOOD, 1995). The author

equally noted that its production from lignin free feedstock is more efficient and economical.

Acetaldehyde is directly obtained in lignocellulose pyrolysis. Because of its volatility, large
fraction of it escape with non-condensable gases but can be efficiently trapped in a gas
washing bottle with water or in jacketed coil condenser at cryogenic temperature. It has found
applications in paper and textile industries as crosslinker for starch based products. Here, it
used as solubilizer and cross-linking agent. It can be added to ureas for wrinkle-resistant

chemical treatment.

Levoglucosan (1,6-Anhydro-B-D-glucopyranose) is one of most important cellulose derived
products found in BCO. This chemical alongside with its chemically related product,
levoglucosenone (1,6-Anhydro-3,4-dideoxy- B-D-pyranosen-2-one), have been obtained with
46 and 26 wt.% yield respectively from cellulose (DOBELE et al., 2005). Both sugar
anhydrides have potentials for the manufacturing of pharmaceuticals, surfactants and

biodegradable polymers (CZERNIK and BRIDGWATER, 2004).

A number of process steps for the production of levoglucosan from lignocellulose such as
pyrolysis, recovery and purification have been patented (SCOTT et al., 1995). With optimum
pyrolysis temperature of 450-500, levoglucosan has been obtained from lignocellulose at high
purity level (CZERNIK and BRIDGWATER, 2004). For instance, a yield of 43.3 wt.% of
levoglucosan with purity level of 63% has been achieved (MEIER et al., 1997).
Levoglucosenone can easily be isolated from BCO and has potential applications in

pharmaceutical and food industry (AWAD et al., 2006; CZERNIK and BRIDGWATER, 2004).
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The yield of levoglucosan in Table 2.4 can be adjudged underestimated when compared to
values reported for different lignocelluloses (MULLEN et al., 2009a). It should be noted that
the yields of these components depend on the type of feedstock and operation parameters
employed in the production as well as the method of analysis. These reasons usually account
for discrepancies in various reported yields from different authors. For instance, pyrolysis of
beech wood at different temperatures has been shown to widely affect the chemical
composition of the resulting BCO. A difference of -8 and 5 wt.% for acetic acid and 1-
hydroxy-2propane respectively were observed in BCO obtained at 350 and 600°C
(DEMIRBAS, 2007b).

Furfural is a chemical of important industrial applications. It is used as solvent for resins and
waxes. Its application as feedstock for a range of aromatic components in preservatives,
disinfectants and herbicides (TURLEY, 2008). 5-(Hydroxymethyl)furfural (HMF) is also a
major products obtainable from BCO. It can serve as a building block for a variety of useful
chemicals such as dimethylfuran (DMF), 2,5-Furandicarboxylic acid, levulinic acid,
aldehydes, amines and alcohols through a simple conversion route (BINDER and RAINES,
2009). Several carboxylic acids in BCO can be used as road and runway deicer, and as
catalyst in coal combustion (VENDERBOSCH and PRINS, 2010). Acrolein is the simplest
unsaturated aldehyde. It has found applications in the production of acrylic acid, acrylic acid
esters, superabsorber polymers and detergents. This product is one of the numerous volatile
products obtained from lignocellulose pyrolysis. It can also be obtained via glycerol

conversion.

Even with popular interest for the recovery of these chemicals from BCO, challenges
militating against its use as economic and viable substitute for petroleum based chemical, is
the difficulty in obtaining many of the chemical components in high yield and their low
purity. In order to meet high quality for end-use either as fuel or chemical product, different
approaches have been adopted to improve the yield and nature of chemical products in BCO.
Some of these approaches, which include the use of catalyst, feedstock pre-treatment and

BCO fractionation and upgrading, are briefly discussed below.

2.2.3.1 Catalytic modification of BCO
The application of catalysts in fast pyrolysis processes offers means of altering pyrolytic

products. If properly engineered, yields of specific products can be enhanced at the expense of
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others. Catalytic pyrolysis has been widely employed to improve BCO properties. Numerous
investigations have been carried using different types of catalyst (HORNE and WILLIAMS,
1995; IoANNIDOU et al., 2009; SHARMA and BAKHSHI, 1993; WANG et al., 1995). And
comprehensive discussions on several catalytic upgrading options are detailed in many review
articles (BRIDGWATER, 2011; MOHAN et al., 2006). Commonest amongst catalysts so far
employed are various modified and unmodified zeolite because of their selectivity on various

high molecular products in BCO.

Pyrolysate of high aromatic content and biologically active polynuclear aromatic (PAH)
products was obtained from catalytic pyrolysis of pinewood in a 100-cm- high fluidised bed
reactor using ZSM-5 zeolite catalyst (WILLIAMS and HORNE, 1994a). The product was largely
deoxygenated when compared to the trial without catalyst. The authors observed that oxygen
atoms in many oxygenated compounds were mainly converted to water and oxides of carbon
at low and high catalyst temperature. It was also noted that increases in PAH content and

decreases in the concentrations of acids is proportionally related to the process temperature.

A 16 wt. % yield of hydrocarbons (containing 3% toluene) from biomass was obtained by
other workers (FRENCH and CZERNIK, 2010). This was achieved with the use of nickel, cobalt,
iron and gallium-substituted ZSM-5 in a semi-continuous flow reactor and the product was
analysed using molecular-beam mass spectrometry (MBMS). The deoxygenation activity of
the catalyst decreased with time, owing to catalyst deactivation, through coke formation on
catalyst surface. In related development, the pyrolysis of spruce wood in the presence of Al-
MCM-41 type mesoporous catalyst at 500°C resulted in the complete elimination of
levoglucosan, whereas acetic acid, furfural and other furans were found as important
holocellulose derived pyrolytic products (ADAM et al., 2005). There was a substantial
reduction in the amount of high-molecular phenolic compounds which are basically lignin

derived products.

Several other workers have demonstrated the post pyrolysis conversion of products in BCO
for chemical modification (MATHEWS et al., 1985; SHARMA and BAKHSHI, 1993; WANG et al.,
1997). In the work of SHARMA and BAKHSHI (1993), both BCO and its fractions were
subjected to catalytic upgrading at the temperature of 340-410°C in a fixed bed microreactor
using H-HZSM-5 catalyst. Their results indicate that between 76 and 83wt. % of distillates

obtained were aromatic products. This output result was not however substantial, considering
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the fact that the said maximum distillate yield translated to less than 12% of the feedstock.
Mathews et al. (1985) achieved a maximum conversion of 65% (by weight) of BCO to C¢-Cyp
hydrocarbons including benzene, xylene, toluene and other higher molecular aromatic

fractions.

The production of hydrogen as a clean fuel from bio oil through reformation process is
another interesting upgrading route that has been developed (KINOSHITA and TURN, 2003;
SARKAR and KUMAR, 2010; YE et al., 2009). The production of hydrogen from renewable
sources is a boost to current interest in fuel cell applications. Using an electrochemical
catalytic reforming method, a group of workers have reformed BCO to produce hydrogen
over a NiCuZn-Al,Os catalyst (YE et al., 2009). The production was adjudged efficient even
at low temperature of 400°C with a yield of 93.5%. Other catalytic modifications that have
been employed to improve the quality of chemicals produced from lignocelluloses include

hydrogenation or hydrodeoxygenation process (ELLIOTT, 2007; ZHANG et al., 2003).

2.2.3.2 Modification through metal ions and salts

The removal or addition of metal ions is a modification strategy that can be used to alter the
composition of various chemicals obtainable from lignocelluloses through pyrolysis. Alkali
and alkaline earth metals (AAEM) such as Ca®", K*, Mg”", Na" ubiquitously present in
lignocellulose are known to influence the mechanism of thermal decomposition via fast
pyrolysis. They can dictate the fragmentation path of the macropolymer different from the
usual depolymerisation route (DOBELE et al., 2005; PISKORZ et al., 1989; RICHARDS and
ZHENG, 1991; ScoTT et al.,, 2001). Both potassium and calcium are present in large
concentration while sodium, magnesium and other metals are normally lesser in concentration

than aforementioned duo.

A high concentration of mineral contents in lignocellulose induces high char formation at the
expense of volatile products (WILLIAMS and HORNE, 1994b). The removal of the indigenous
AAEM has been suggested as a means of improving the volatile yield. SCOTT et al. (2001)
have worked on the removal of AAEM from lignocellulose via ion exchange by washing with
diluted acid and hot water. It was observed that the exchange process was rapid but more
effective in the removal of potassium than calcium. Hot water washing also proves efficient in
the removal of the indigenous metals. The difference in the yield and composition of

pyrolysate obtained from both normal and deionised poplar is shown in Table 2.5



Chapter 2: Lignocellulosic biomass and its applications 40

On the role of AAEM, it is considered that individual metals have specific effects on reaction
mechanisms. In a study carried out on effects of both potassium and calcium on the pyrolysate
using FTIR coupled to thermal balance, it was observed that potassium ion only acts as a
catalyst in the formation of high concentration of acetic acid, formic acid methanol and oxides

of carbon (PAN and RICHARDS, 1989).

In contrast, it was noted that chlorides of transition elements such as Fe'* and Cu®’ increased
the amount of levoglucosan in pyrolysate when the metals were impregnated on the woody
biomass sample (DOBELE et al., 2005). They also observed the production of both
levoglucosan and levoglucosanone by the action of FeSO,, but concluded that the
levoglucosan to levoglucosanone ratio was governed by the phosphoric acid concentration

used in the pre-treatment step to remove the native metal ions.

Table 2.5: Fast pyrolysis of normal versus deionised poplar

Feedstock value

Poplar deionised poplar
yield, wt.% mf
Gas 10.8 2.6
Char 7.7 54
Organic liquid 65.8 75.9
Product water 12.1 14.0
Recovery, % 96.5 97.9
Liquid component, wt.% mf
Levoglucosan 3.0 17.1
Other anhydrosugars 5.7 6.7
Hydroxyacetaldehyde 10.0 2.0
Acetic acid 5.4 1.3
Glyoxal 2.2 2.7
Pyrolytic lignin 16.2 22.4

(SCOTT et al., 2001)



3 Result and Discussion

This chapter presents overall summary and discussions of results, obtained from the research
work. The presentation contains published results in three peer review articles as well as
unpublished results. The latter are fused together with related subsections, under which
different publications are discussed. Methods and experimental procedures employed in the

work are detailed in related articles attached as Appendix 4.

3.1 Comparison of samples based on physicochemical analyses of pyrolysate

obtained at optimum pyrolytic temperature (Publication 1)

One of the objectives of this research is to evaluate and compare chemical products obtainable
from different lignocellulosic feedstocks. And central to this evaluation is the compositional
analyses of feedstocks, prior to thermochemical conversion process. Substantial portion of
results from these investigations have been published in publication 1 (AZEEZ et al., 2010).
The publication also contains additional results, related to fuels properties of BCOs obtained
from various feedstocks. Unpublished results not discussed in the publication are also

discussed in this subsection.

3.1.1 Feedstock characterisation

The preliminary phase of this research work focused on the chemical characterisation of the
raw materials. The raw materials are spruce (Picea abies L.), beech (Fagus sylvatica L.),
iroko (Chlophora excelsa L.), albizia (Albizia adianthifolia L.), and corncob (Zea mays ssp.).
This was followed by fast pyrolysis of original samples at optimum pyrolysis temperature of
500°C using a bubbling fluidised bed reactor. The obtained organic products were
characterised and differentiated on the basis of their yields, chemical compositions and other

characteristics.

The investigation of chemical composition of raw materials is considered an integral part of
this research work, in order to deduce the influence of feedstocks on pyrolysis products.
Various physico-chemical analyses of the five samples were carried out. These include
moisture, ash, extractive contents and total metal analysis, Klason’s lignin content and
analysis of sugar. Standard analytical methods employed in these analyses and measurements

have been discussed by AZEEZ et al. (2010)
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Successive extraction was used to obtain various extractives fractions. The solvent employed
were petroleum ether, acetone, and methanol:water (70:30, v/v). The summation of the
various fractions makes up the total extractive content. The result of the extraction analysis is
depicted in Figure 3.1. From this result, it can be observed that all the lignocelluloses contain
low amounts of petroleum-ether extractable constituents. The relative amounts of this fraction
in European samples were slightly higher than amounts found in lignocellulose of African
origin. The African biomasses are richer in total extractives compared to European samples.
Highest fractions of lipophilic and hydrophilic constituents were found in acetone extracts.

This fraction makes up 50-60% of the total extractives in both iroko and albizia.

10

Extractives, wt.%

Beech Spruce Iroko Albizia Corncob

H Petroleum ether ~ ™ Acetone Methanol-Water (70:30, v/v)

Figure 3.1: Different extractive fractions in raw materials.

In addition, acetone and petroleum fractions account for fatty acid alcohol, waxes, sterols,
fats, steroid esters and terpenoids in samples (CONNER et al., 1980). The combination of these
fractions is higher in spruce than beech, but lower than amounts found in African hardwoods.
The petroleum ether fractions in both European lignocelluloses double (at least) the
concentrations in other biomasses. The methanol-water fractions in both iroko and albizia are
darker in colour, probably indicating higher quantities of tannins and pigments. Tannins are
various poly-phenolic substances found in lignocellulose extracts (BOUSTINGORRY et al.,
2005). They are efficiently isolated from wood with polar extractant (ROWE et al., 1969). The

similarity in amounts of methanol-water fractions in both woods and corncob is probably due
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to the relative ease of removing more glycosides and some monomeric and oligomeric sugars
in the annual plant, thereby compensating for differences in other hydrophilic extractive

components.

The analysis of polysaccharides in raw materials was carried out using High pH Anion-
Exchange Chromatography (HPAEC-borate) with spectrophotometric detection at 560nm
(PENG et al.; WILLFOR et al., 2009). The result of analysed monomeric sugars revealed the
dominance of glucose ranging between 40 and 48% in the extract-free samples of all raw
materials. Looking at overall results of the component and ultimate analyses shown in
Table 3.1, corncob is clearly distinguished from woody biomasses based on its xylose content,

which doubles amounts found in hardwoods.

This observation coupled with the amount of other hemicellulose found in residual fractions
(apart from arabinose) indicates that arabino-4-O-methylglucorono-xylan is the main
hemicellulose in corncob, constituting about 33 wt.% of the feedstock. This gives a xylose
and 4-O-methylglucoronic acid ratio of 77:1 compared to 12-18:1 and 7.3:1 in hardwood and
softwood respectively. A definite conclusion on this ratio is hard to drawn. It is possible that
xyloglucan, a form of glucan hemicellulose, slightly contributes to the high xylose content.
Nevertheless, the production of chemicals from corncob would be markedly influenced by its
xylose fraction. This is unlike softwood, wherein the monosaccharide plays a less significant

role.

According to FENGEL and WEGENER (1984), estimates of cellulose in feedstocks can be
deduced by adopting the rough approximation of 2:1 and 3:1 as maxima mannose to glucose
ratios, for mannans in hardwood and softwood respectively, For example using this
approximation, the contribution of glucose from the beech glucan is obtained as 0.7%. By
deducting this from the total glucose, the amount of cellulose in beech is found to be 45.3%.
In a similar fashion, amounts of cellulose in spruce, iroko, albizia and corncob are 43.1, 47.2,
45.1 and 40.3 wt.% respectively. This estimation is premised on the assumption that no

contribution to the glucose content in the hydrolysate was made by glucans hemicellulose.
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Table 3.1: Component and ultimate analyses of samples

Component analysis (wt.%)

Beech  Spruce Iroko Albizia Corn cob
Extractives 2.4 2.9 8.2 6.2 2.8
Klason Lignin 21.8 29.0 26.2 25.2 19.0
Holocellulose 68.5 70.2 64.8 63.7 75.7
Glucose 46.0 474 48.2 45.7 40.4
Xylose 18.1 5.8 12.1 14.9 30.9
Mannose 1.4 12.9 2.0 1.3 0.1
Galactose 1.0 2.3 0.8 0.4 1.0
Arabinose 0.5 1.0 0.2 0.2 2.8
Rhamnose 0.5 0.2 0.5 0.3 0.1
Cellobiose 0.1 0.0 0.0 0.1 0.1
4-O-Methyl 1.0 0.8 0.9 0.9 0.4

glucoronic acid

Ultimate analysis (moisture and ash free (maf.) wt. %)

Carbon
Hydrogen
Nitrogen
Oxygen*
HHV MJ/kg**

Ash content %

Moisture content %

Volatile matter, %

Fixed carbon, %

46.9
6.2
0.3

45.9

18.7
0.7
9.7

85.9

18.7

48.3
6.3
0.4

44.6

19.5
0.4
8.4

83.5

19.5

43.9
53
0.4

46.9

16.5
3.5
94

70.4

16.5

46.4
5.8
0.6

45.5

17.4
1.8
9.7

72.7

17.4

43.6
5.8
0.7

48.6

16.9
1.2
9.7

80.6

16.9

* By difference.

** Calculated according to Boie’s equation.

However, it is well known that starch in forms of amylose and amylopectin (glucan

hemicelluloses) are often present in parenchyma cells of wood tissue. Other glucan-type

hemicelluloses in biomass include callose and laricinan (an acidic glucan). FENGEL AND

WEGENER (1984) noted that another glucan with -(1—3)- and B-(1—4)- linked glucose units

in ratio of 1:1 to 1:2 has been found in plants such as wheat, maize and oats. Therefore, the

use of this approximation to estimate cellulose in lignocellulose must be done with caution.
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But, estimated values largely compare with amounts of cellulose in most angiosperm and
coniferous woods. So, estimating cellulose through this method appears more reliable than the

old gravimetric methods.

It can be observed from the result that beside glucose, mannose and xylose are found to be
major monosaccharides in softwood and hardwood respectively. This perfectly agrees with
the general trend on the composition of woody biomasses. The influence of other
monosaccharides on pyrolysis liquid products may be limited, due to their low abundance in

the original lignocellulose.

In terms of lignin content, spruce has the highest content among all samples (Table 3.1).
Normally, the coniferous wood is richer in lignin than hardwoods (SIOSTROM, 1993). The
content in both African hardwoods is higher than beech. The residue obtained from the
hydrolysis favourably compared with determined Klason’s lignin content for most
lignocelluloses. Therefore, it offers a means of estimating lignin content in biomass with low

mineral content.

The ash content of all samples was determined using the TAPPI Testing Method T211. The
individual inorganic mineral constituents were determined using inductively couple plasma
optical emission spectroscopy (ICP-OES), following a total digestion using microwave. It was
noted that the lignocelluloses of African origin have higher ash content than both spruce and
beech (Table 3.1). A detailed result of the metal contents is contained in publication 1 (AZEEZ
et al., 2010).

The ash content of iroko is most remarkable, tripling total amount in both beech and spruce.
Much of this difference arises from Ca*'contribution, which constitutes over 60% of total
inorganic mineral content in the wood. Similarly, potassium ion in all African lignocelluloses
was found ten times its content in spruce. And the amount of aluminium in iroko, corncob and
albizia is four times higher than the upper limit value (<50ppm) for elements classified as
trace element in woody biomass. Both potassium and calcium are macronutrients essential for
plant growth and constituent most abundant elements in woody biomass. The mineral content
of lignocellulosic feedstock is an important parameter in thermochemical conversion owing to
catalytic effects of the metals, which ultimately alter the reaction mechanisms and the

composition of final products (PAN and RICHARDS, 1989; WILLIAMS and HORNE, 1994b).
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3.1.2  Comparison of BCO of various samples

Feedstocks were subjected to fast pyrolysis at the optimum temperature of 465-475°C in a
300g/h fluidised bed reactor. Each feedstock was pyrolysed twice. Average material mass
balances for duplicate trials are shown in Table 3.2 with relative standard deviation between
2-6% (calculated based on yields). The results show that the highest yield of BCO was
obtained from beech and spruce while iroko gives the least pyrolysate with 50.6%. Detailed
results of various physico-chemical analyses of the BCOs in relation to their fuel properties

are contained publication 1.

Like other BCOs, the water contents of the oils range between 22.0% (in spruce) and 32.2%
(in corncob). The amount in corncob is related to increased formation of pyrolytic water due
to high xylose content in the sample. This pentose sugar appears to be less thermally stable

than hexoses.

Table 3.2: Mass balances of samples fast pyrolysis*

Beech Spruce Iroko Albizia Corn cob
Reactor temperature 465-470°C 465-470°C  465-470°C 465-470°C 465-470°C
BCO, wt. % 62.7 62.7 50.6 54.7 56.2
Condensate, wt. % 7.4 7.3 5.8 6.7 5.1
Total liquid product, wt. % 70.1 69.9 56.4 61.4 61.3
Organic**, mf wt. % 57.5 57.1 40.4 47.6 43.9
Gas*** 22.6 23.0 23.1 24.3 27.2
Char, daf. % 10.2 10.1 22.8 16.6 14.7
Pyrolytic water, wt. % 9.7 9.8 13.3 11.2 14.0
Conversion-to-volatile, wt. %  88.7 86.7 77.5 83.3 83.6

*  mean values of replicate pyrolysis trials are reported ** organic = (Bio oil + Condensate — bio oil
water content — condensate water content) *** percentage by difference based on wet weight.

BCOs from various samples were characterised using GC/MS/FID, for the purpose of
comparing their various chemical products. Over 80 chemical components were detected,
which represent between 33-44 wt.% of the organic liquid. Detected chemical products are
classified into major chemical groups, acids, non-aromatic aldehydes and ketones, furan,

pyrans, sugars, benzenes, catechols, lignin derived phenols, guaiacols and syringols.
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A comparison of 12 most prominent chemical products in various BCOs is shown in
Table 3.3. A complete list of quantified components is shown in Appendix 1. From Table 3.3,
the concentrations of most chemical products vary among feedstocks, but this do not
substantially affect the physical appearance and fuel properties of the BCOs. The result
(shown in Figure 3.2) reveals that holocellulose derived products are most dominant. It can be
observed from the figure that acids, non-aromatic aldehydes and ketones constitute most
abundant chemical products in all samples except in spruce, wherein the sugar fraction ranked
next to non-aromatic aldehydes. These chemical classes consist of various products derived

from the holocellulose.

The result also shows that lignin fractions are the least decomposed components among three
classes of lignocellulose main components. This result reveals only components, which are
detectable in GC. The nature of column used for the separation (middle polar) may cause

elusiveness of some compounds to separation or detection.

Acetic acid makes up between 96-98% of the acids in all samples. The rest consists of formic
and propionic acids. These acids are poorly separated on the intermediate polar column
(Zebron ZB 1701) used for this analysis. Acetic acid is an important chemical with wide
industrial applications. This product is formed during pyrolysis from cleaved acetyl groups,
attached to the xylan units (in hardwood and in annual plants). BCO mainly derives its low
pH value from acetic acid. It is observed that spruce contains the least amount of acetic acid,
as a result of the absence of acetyl on its xylan. There are however few acetyl groups attached
to carbons 2 and 3 of the hexose units in galactoglucomannan as previously mentioned. The
amount of acetic acid in corncob (the highest among all samples) just like the hardwood is
traceable to its xylose content. It has also been noted that the organic acid can be formed as

fragments from both hexose and pentoses and from lignin components (BRANCA et al., 2003).
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Table 3.3: Main products in BCO of various feedstocks.

Beech Spruce Iroko Albizia Corncob
Compound wt. Compound wt. Compound wt. Compound wt. Compound wt. %
% % % %
Acetic acid 8.03 | Acetaldehyde, 9.80 | Acetaldehyde, 6.97 | Acetic acid 6.79 | Acetic acid 8.47
hydroxy- hydroxy-
Acetaldehyde, 7.87 | Levoglucosan 4.47 | Acetic acid 6.09 [ Acetaldehyde, 6.65 | Acetaldehyde, 5.05
hydroxy- hydroxy- hydroxy-
Acetol 2.72 | Acetic acid 2.49 | Acetol 4.32 | Acetol 3.08 | Acetol 4.68
Levoglucosan 2.43 | Acetol 2.42 | Cyclopentene-1-one, 1.36 | Propanal 1.44 | Phenol, 4-vinyl- 2.54
2-hydroxy-2-
Pyran-4-one, 3- 1.53 | Pyran-4-one, 2- 0.91 [ Propanal 1.29 | Levoglucosan 1.39 | Cyclopentene-1-one, 1.92
hydroxy-5,6- Hydroxymethyl-5- 2-hydroxy-2-
dihydro-, (4H)- hydroxy-2,3-
dihydro-, (4H)-
Propionaldehyde, 3- 1.44 | Cyclopentene-1-one, 0.89 | Cyclopentene-3-one, 1.11 | Cyclopentene-1-one, 1.24 [ Guaiacol, 4-vinyl- 1.70
hydroxy 2-hydroxy-2- 2-hydroxy-1- 2-hydroxy-2-
methyl-1-
Cyclopentene-1-one, 1.19 | Pyran-4-one, 3- 0.88 | Anhydro-8-D- 1.09 | Pyran-4-one, 3- 1.04 | Propanal 1.37
2-hydroxy-2- hydroxy-5,6- glucopyranose, 1,6- hydroxy-5,6-
dihydro-, (4H)- (Levoglucosan) dihydro-, (4H)-
Propanal 0.96 | Propionaldehyde, 3- 0.88 | Propionaldehyde, 3- 0.84 | Propionaldehyde,3- 0.99 | Cyclopentene-3-one, 1.29
hydroxy hydroxy hydroxy 2-hydroxy-1-
methyl-1-
Furanone, 2(5H)- 0.59 | Propanal 0.58 | Anhydrosugar 0.80 | Furanone, 2(5H)- 0.64 | Butanone, 1- 1.26
unknown hydroxy-2-
Furaldehyde, 2- 0.55 | Guaiacol, 4- 0.50 | Guaiacol 0.78 | Cyclopentene-3-one, 0.62 | Levoglucosan 1.20
propenyl-(trans) 2-hydroxy-1-
(Isoeugenol) methyl-1-
Cyclopentene-3-one, 0.50 [ Vanillin 0.47 | Furanone, 2(5H)- 0.72 | Furaldehyde, 2- 0.59 | Furaldehyde, 2- 0.95
2-hydroxy-1-
methyl-1-
Syringol 0.48 | Furanone, 2(5H)- 0.46 | Guaiacol, 4-vinyl- 0.71 | Syringol 0.59 | Pyran-4-one, 3- 0.92

hydroxy-5,6-
dihydro-, (4H)-
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Figure 3.2: Classes of chemical products in BCO

Hydroxyacetaldehyde is another major constituent in BCO of all samples, ranking next to
acetic acid in beech, albizia and corncob. It has the highest concentration in both spruce and
iroko. Its concentration in iroko’s BCO is not significantly different from amounts in other
hardwoods. Its ranking in Table 3.3 is due to smaller acetic acid fraction in the sample
compared to other hardwoods. Hydroxyacetaldehyde makes up between 5-10 wt.% in BCOs
of investigated samples. It is a holocellulose derived chemical product. A competition
between sugar rings fragmentation to form hydroxyacetaldehyde and depolymerisation of
cellulose to yield levoglucosan via trans glycosylation reaction has been discussed by several

authors (RICHARDS, 1987; SHAFIZADEH et al., 1979).

Levoglucosan (1,6-anhydro-B-D-glucopyranose) constitutes the second main product in
spruce. It maintains concentration favourably compared to amount in beech. However, this
important pyrolysis product maintains a low concentration between 1.1 and 1.40 wt. % in all
African lignocelluloses. Bearing in mind that the cellulose contents in both iroko and albizia
is nearly equal to amounts found in European samples, it can be deduced that the
decomposition pathways of cellulose to levoglucosan were altered by high mineral contents

present in both biomasses.
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It is interesting to note that corncob yields the highest amount of single lignin derived
individual products among the samples, although it has the least Klason’s lignin content. The
amounts of 4-vinyl phenol and 4-vinyl guaiacol in this sample are (at least) 4 times and 3
times higher than any other lignin derived product in all samples. Considering the fact that
corncob lignin structure contains the three lignin units, just like in hardwood, the proportion
of some of these units in its biopolymer is suspected to be largely responsible for this
discrepancy. The effect may be due to the type of bonding between different lignin building
blocks in the sample. The presence of a high number of f-O-4 within the macromolecule

(thermally labile) may limit the occurrence of free radical fragmentation reaction.

Acetol (hydroxypropanone) is another major chemical, whose formation is probably
influenced by mineral content. This product has higher concentration in BCOs from all
African lignocelluloses compared to European biomasses. A similar trend was observed in
case of propanal, which constitute between 1.3-1.4 wt.% in BCOs obtained from African
biomasses. Both products are carbohydrate derived chemicals. Other products, such as 2-
hydroxy-2-cyclopentene-1-one, 3-hydroxy propionaldehyde and 2(5H)-furanone, are found in
BCOs without substantial difference in their quantities among all samples. In addition, 1-
hydroxy-2-butanone and 2-furaldeyhde (furfural) are present in large amounts in corncob
pyrolysate. The concentration of the former is at least three times higher in corncob compared
to other lignocellulose. Both chemicals are formed as decomposition products from
holocellulose. The suggestion of furfural being is a pentose derived product by DEMIRBAS
(2007b) appear weakened by the concentrations of this product in various BCO compared to
the proportion of arabinose and xylose in original samples. The observation agrees with the
result obtained from the pyrolysis of cellulose and different hemicelluloses by BREMER
(1991), which revealed the presence of furfural in all samples. This product could have been

formed from the decomposition of both pentose and hexose sugar.

As previously mentioned, only about 40% of the BCO products can be effectively quantified
on GC/MS. The characterisation of the remaining products is often done qualitatively owning
to the complexity of the mixture, resulting in poor resolution. The matrix effects from other
products usually hinder the effective separation of solutes of interest. For instance, the BCO
of beech was fractionated into water soluble and insoluble fractions followed by a clean-up of
the former through solid phase extraction (using C18 bed) and the eluate was subsequently

freeze-dried to obtain a syrup-like product. A 2mg/ml solution of the syrup and some sugar



Chapter 3: Results and Discussion 51

and anhydrosugar standards were injected in HPLC 1100 fitted with a RHM Rezex column

and UV and RID detectors. Only very few sugar peak were effectively resolved as shown in

Figure 3.3.
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Figure 3.3: HPLC result of BCO water soluble fraction

The result reveals the presence of levoglucosan, xylose and small concentrations of glucose
and arabinose related product. However, the detection of many non-sugar (but polar)
compounds such as hydroxyacetaldehyde and some unidentified peaks with poor resolution
illustrates the complexity of this fraction. Based on aforementioned works of Shafizadeh, it
can be inferred that this fraction largely contains various decomposed polysaccharides

ranging from monomeric to oligomeric products.

Some low volatile chemical products, produced from fast pyrolysis of lignocellulose, usually
escape along with non-condensable gasses owning to their volatility and molecule size. In
order to identify such products, condensable gasses were collected as condensate from gasses
leaving the electrostatic E-filter with the aid of double jacketed condenser at -30°C. This
product contained between 64-77% water as determined using Karl-Fischer titration method.
Chemical characterisation of the condensate fractions carried out using head space gas

chromatography fitted with both mass spectrometer and flame ionisation detector (HS-
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GC/MS/FID) on a HP INNOWAX column revealed varying fractions of volatile chemicals
products. A look at the result depicted in Figure 3.4 shows dimethoxy methane, acetaldehyde,

2,3-butanone, methyl alcohol and propanal as the main products in most samples.

However, some of these volatile products were elusive to detection when the same
condensates were analysed on Zebron ZB 1701 column, an optimum column used for BCO
analysis. The result from this analysis, shown in Figure 3.5, reveals that 8 — 19 dry weight %
of the fraction consist of acetic acid. Other major compounds found in the fraction are acetol,

acetaldehyde, furfural and several ketone products.
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Figure 3.4: HS-GC/MS/FID of condensate fraction

To study the molecular distribution of chemical products in BCO, samples of various BCO
were prepared in dimethyl sulfoxide and analysed using gel permeation chromatography
(GPC) with both UV and RID detectors. The result of the analysed shown in Figure 3.6
indicates that the molar mass polydispersity indices (obtained as D=M,,/M,) range from 12.8-

16.4, minimum and least values obtained from corncob and iroko respectively. The ratios are
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largely influenced by molecular fractions whose molar masses are smaller than 106g/mol (the

least molar mass in our calibration standards).
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In conclusion, there are distinct differences in the chemical composition of BCOs from
different lignocelluloses, which reflect the dissimilarities in chemical compositions of
feedstocks. Comparison of BCOs from similar wood type (for example iroko, albizia, and
beech) indicates no substantial difference among products’ chemical groups. However, high
metal content in African biomasses, especially the hardwood, could make them less attractive
feedstock for chemical production. Conversion process modification will therefore be
required to improve their product yields. The role of high extractive content in yields and
quality of products from these feedstocks appear less important, based on average uniformity
in the physical quality of various BCOs. The nature of the corncob biopolymer structure
makes it an ideal lignocellulose feedstock for chemical generation via thermochemical
conversion. Its pyrolysis produces better yield of individual valuable chemical products with

less severe random fragmentations of the macromolecules.
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3.2 Influence of temperature and removal of indigenous minerals on pyrolytic
chemical products (Publication 2).

The basic principle of pyrolysis involves the decomposition of organic matter via heat in an
inert environment. This partly explains why temperature and heating rate play important roles
in the nature of pyrolysis products. For instance, on the basis of differences in heating rates,
fast pyrolysis produces several products not present in slow pyrolysis products. This
subsection explains effects of temperature and feedstock pretreatment on decomposition

behaviours of different samples and chemical composition of their pyrolysate.

3.2.1  Thermogravimetric (TG) analysis of samples

To understand the decomposition behaviour of different samples, thermogravimetric analysis
of all samples were carried out using a TG 209 F1 Iris thermal analyser. The analysis was run
between 300-700°C at a heating rate of 10°C/min in nitrogen environment. An overlay of TG
curves (shown in Figure 3.7a) reveals that the major decomposition step started at around
220°C in all sample. Before this degradation phase, less than 3% weight loss was recorded,
except in iroko with slightly higher mass change. It is worth of mentioning that little mass
losses due to moisture elimination were observed at this stage owning to the fact that samples
were vacuum-dried over phosphorus pentoxide prior to analysis. The first order differential
plot (DTA) obtained (see Figure 3.7b) reveals a minor decomposition peak around 150-190°C
only in iroko. This mass loss probably resulted from the thermal decomposition of certain
thermal labile components from the extractive-rich African biomass. The small peak due to
moisture elimination across all samples can also be seen on the DTA plot between 3 and 5

minutes after the commencement of the analysis.

With increased temperature, decomposition of corncob spanned the narrowest temperature
range (220-400°C) within which two distinct decomposition events occurred. This accounts
for about 64% total mass loss. The decomposition in this region is very rapid considering the
inclination of the profile. This is ascribed to loss of hemicellulose and some cellulose in
biomass (SONOBE et al., 2008). However, juxtaposing this profile with that of beech shows
decomposition of higher fraction in beech (71%), although, the holocellulose content in the
former is 8% higher than the latter. This observation may be due to the morphology of
corncob and possible effects of its mineral contents (such as potassium), which is four times

higher than that of beech. A similar conclusion can be deduced for two other African
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biomasses with minimum mass change in this region (iroko-51%; albizia-59%). It is obvious
from the DTG curves that beech and spruce produce more volatiles products at the rate of

18%/min compared to African lignocelluloses.
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Figure 3.7: Overlay of thermograms from beech, spruce, iroko, albizia and corncob.

The high hemicellulose content in corncob accounts for the distinct peaks in its
decomposition profiles. The first part (220-330°C) represents hemicellulose decomposition
phase while the effect between 330 and 400°C is due to cellulose and partial decomposition of
lignin (SONOBE et al., 2008). This suggestion is strengthened by the pattern of the peak and
high de-volatilisation rate compared to iroko with the least hemicellulose content. The first

peak is sparingly observed in iroko.
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Following main de-volatilisation stage, the thermal profiles of all samples appear similar. It
can be inferred that the composition of residues at this stage is fairly uniform, except in case
of iroko with irregular decomposition profile. In other samples, a less inclined decomposition
gradient between 420-700°C corresponds to further de-volatilisation of lignin and (possibly)
decomposed cellulose. The result agrees substantially with reports of earlier workers on the
thermal behaviour of different biomass components (CHEN et al., 2003; VENDERBOSCH and
PRINS, 2010).

However, a definite decomposition profile for lignin is difficult to obtain. VENDERBOSCH and
PRINS (2010) have observed, there are usually overlaps in the decomposition temperatures of
lignocellulose main components. It would be seen in subsection 3.2.1.2 that the
decomposition of some lignin fraction even starts at temperatures as low as 300°C. Some
authors have however suggested that decomposition profiles of whole biomass samples can be
derived from the summation of thermal behaviours of their main components (NAVARRO et

al., 2009; RAVEENDRAN et al., 1996).

The residues left after the third de-volatilisation phase minus the ash content represent the
fixed carbon in various samples. These values are shown in Table 3.1 with iroko and albizia
maintaining the highest values of 26.1% and 25.5% respectively. More volatiles are released
from the two European feedstocks than African feedstocks with volatile matter found to be
85.9% and 83.5% for both compared to 70.4%, 72.7% and 80.6% for iroko, albizia and

corncob respectively.

3.2.2  Analytical pyrolysis at different temperatures

This subsection focuses on the study of effects of temperature on yields of individual
chemical products in pyrolysate. The evaluation of influences of some pretreatment options
such as water and acid washing as well as the reintroduction of selected metal ions
(impregnation) in washed sample was also carried out. Pyrolyses of the prepared samples
were carried out using an analytical pyrolysis unit (Py-2020iD micro-furnace pyrolyser) fitted
on a GC/MS/FID. This system was chosen for the study based on positive correlation between
its chromatogram and those obtained from BCO from GC/MS. In addition, Py-GC/MS
enables the identification of other products such as propanal-2-one (methylglyoxal),
butandione and indenes that are rarely detected in BCO due to their low concentrations and

volatility. The system therefore enables 1-step identification of all volatile products. Major
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products already noted in previous sections and other new products at high temperatures were
identified. Rather than the absolute concentration, peak areas of identified products from the

FID signal were used for evaluation, owing to the difficulty in calibrating Py-GC/MS.

Principal component analysis (PCA) of pyrolysis data obtained for beech products over the
whole temperature range is shown in Figure 3.8. It accounts for 96% of the validated
variations in tested sample. The delineations of PC1 and PC2 are based on yields of individual

chemical products.
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Figure 3.8: PCA scores and loadings of beech pyrolysis products at 300-700°C
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The PCA indicates that pyrolysis at 300-350°C just like 650°C-700 produces the least yield of
individual pyrolysis products. There are limited reaction pathways for the formation of
volatiles at low temperature. And at high temperature, severe fragmentation of
macromolecules occurs with possibility of multiple reactions to produce small amount of
individual volatile products. Most of these products are non-aromatic aldehydes and ketones.
Also, thermal labile products from both polysaccharides and lignin will decompose to non-

condensable gases such as CO, CO,, and CH4 (SONOBE et al., 2008),

An overlay of beech chromatograms obtained at 300-700°C is shown in Figure 3.9. Event at
temperature between 300-350°C indicates that holocellulose derived products with low
molecular fractions (such as acetic acid) are poorly resolved at low temperatures probably due
to poor purity unlike lignin derived products. The decomposition event at 350°C is only
slightly different from 300°C, in that more low molecular products such as
hydroxyacetaldehyde, acetol and acetic acid are produced. The decomposition of hexoses and
pentoses produces acetic acid, 3-hydroxy-5, 6-dihydro-(4H)-pyran-4-one, dihydro-4-hydroxy-
2(3H)-furanone, 2-furaldehyde, 2-hydroxy-2-cyclopentene-1-one, lactone derivatives,
levoglucosan and a number of products suspected to be anhydrosugars. These peaks are
suggested to be anhydrosugars because of the similarity between their fragmentation ions and
that of levoglucosan. The temperature at this stage is not sufficient to induce severe radical
fragmentation of the macromolecule. It is therefore expected that the formation of
anhydrosugar from cellulose and hemicellulose will predominate, since favoured reactions are

depolymerisation of the polysaccharides and dehydration of the resulting products.

Other major products detected at these low temperatures (300-350°C) are lignin derived
products such as 4-vinyl syringol, sinapaldehyde, trans isoeugenol, 4-vinyl guaiacol, coniferyl
alcohol. The relative amounts of these products vary among samples. For instance in spruce,
the production of 2-hydroxymethyl-5-hydroxy-2,3-dihydro -(4H)-pyran-4-one ranked next to
two anhydrosugars in concentration instead of 3-hydroxy-5,6-dihydro-(4H)-pyran-4-one
found in beech. 2-hydroxymethyl-5-hydroxy-2,3-dihydro -(4H)-pyran-4-one is partially
hydrogenated form of kojic acid, which has found application in food and cosmetic industries

(to preserve or add colour).
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Figure 3.9: Beech chromatograms at 300, 400, 500, 600 and 700°C.
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List: 1 Acetaldehyde, hydroxy-; 2 Acetic acid; 3 Acetol (Hydroxypropanone); 4 Propionaldehyde, 3-hydroxy;
5 Oxopropanoic acid methylester; 6 Furaldehyde, 2-; 7 Cyclopentene-1-one, 2-hydroxy-2-; 8 Furanone, 2(5H)-;
9 Pyran-4-one, 3-hydroxy-5,6-Dihydro-(4H)-; 10 Pyran-2-one, 3,4-dihydro-6-methyl-2H-; 11 Guaiacol; 12
(S)-(+)-2',3'-Dideoxyribonolactone; 13 Guaiacol, 4-methyl; 14 Unknown anhydrosugar; 15 Dianhydro-
mannopyranose, 1,4:3,6-; 16 Anhydro-R-D-xylofuranose, 1,5-; 17 Guaiacol, 4-vinyl-; 18 Syringol; 19 2(3H)-
Furanone, dihydro-4-hydroxy-; 20 Pyran-4-one, 2-hydroxymethyl-5-hydroxy-2,3-dihydro-, (4H)-; 21 trans
isoeugenol; 22 Syringol, 4-methyl; 23 Syringol, 4-vinyl; 24 Anhydro-R-D-glucopyranose (Levoglucosan); 25
Syringol, 4-(1-Propenyl)- trans; 26 Syringaldehyde; 27 Coniferyl alcohol (trans); 28 Sinapyl alcohol (trans):
29 Sinapaldehyde (trans)

Similar to beech, a list of products in all samples within these temperatures is dominated by
anhydrosugars as result of the predominance of dehydration reaction. A summarised results of
products identified in all samples is shown in Appendix 2A-E. Due to uncertainty of their

peaks purity, results of volatiles at 300°C are not reported in the appendix.
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The amount of non-aromatic aldehyde surged at 400°C across all samples, largely due to
increase in the production of hydroxyacetaldehyde and 2-oxopropanal (methylglyoxal).
Hydroxyacetaldehyde otherwise known as glycolaldehyde is the smallest possible molecule
with both hydroxyl and aldehyde functional groups. Both chemical products can be formed as
fragmentation products from holocellulose. LOMAX et al. (1991) however noted the possibility
of their formation via reverse aldolisation process. The concentration of both products decay
along the temperature range in most samples indicating that their production is in no way

enhanced by the temperature changes.

Likewise, acetic acid, acetols, and 3-hydroxypropionaldehyde are amongst major pyrolysis
products found in BCOs of the various samples. The concentration of both acetol and 3-
hydroxypropionaldehyde remained fairly constant over a wide temperature range (400-
600°C). Acetic acid in all samples (apart from spruce) maintains the highest concentration as
individual chemical product, even after the loss of around one-fifth of its maximum

concentration (attained at 400°C) at 700°C.

Variation in amounts of other important holocellulose derived chemical products such as
levoglucosan, 3-hydroxy-5,6-dihydro-(4H)-pyran-4-one, furfural, 2(5H)-furanone, 2-hydroxy-
2-cyclopentene-1-one is depicted in Figure 3.10 for four of the samples. Amounts of these
products in both albizia and iroko largely correspond. Based on the direct proportionality
between these products and pyrolysis temperatures, it can be suggested that they are directly
obtained from various sugar units. In addition, their relative abundance at low temperatures
(300-350°C), where severe fragmentation and possibility of fragments recombination is

remote, further buttresses this assertion.

The transglycosylation process through which levoglucosan is formed (from cellulose)
attained optimum condition at 500°C in almost all samples. And high amount of this
anhydrosugar derivable from the angiosperm sample is further illustrated in Figure 3.10. This
phenomenon probably suggests the easy of depolymerising cellulose from softwood
compared to hardwood. Difference in structural composition of macromolecules (cellulose,

hemicellulose and lignin) in various lignocellulose types could have influenced this disparity.

Virtually all lignin derived chemical products such as trans 4-(1-propenyl) syringol, trans

coniferyl alcohol, syringol, guaiacol, trans 4-(1-propenyl) guaiacol, guaiacol, vanillin,
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syringyl acetone, 4-vinylsyringol, 4-vinylguaiacol and many more (too numerous to mention)

attain their maximum yield at 500°C. They rapidly decreased from 550°C to almost

insignificant fractions at 700°C, producing several smaller aromatic structures. An increment

in concentrations of products, such as phenol, 4-ethyl phenol, ortho- and meta-cresol,

hydroquinone and other related compounds is a pointer to this assertion.
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Figure 3.10: Trend in the variation of some holocellulose derived pyrolysis products along

different pyrolysis temperature.

Vinyls of syringol and guaiacol are the most significant products as mentioned earlier.

Because of their reactivity, these vinyls are found in lower concentration in BCOs compared

to the pyrolysate from the analytical system. 4-vinyl phenol is the most abundant individual

chemical product in corncob. Its concentration appears fairly unchanged across all

temperatures up to 650°C as shown in Appendix 2E. The reason for the detection of vinyl

phenol at high temperature even in other samples remains unclear beside their formation from

secondary reaction between aromatic residue of lignin and other alkyl radicals.
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3.2.3  Sample pre-treatment and impregnation

Pretreatment of lignocellulose by way of removing indigenous alkali and alkaline earth
metals is a method that have been widely used to control the catalytic effects of these metals
during pyrolysis (KLEEN and GELLERSTEDT, 1995). Large fractions of these metals are weakly
bounded to lignocellulose on the surface. This enables their removal using water or more

effectively, acidic solutions.

To understand the influence of metal contents on the pyrolysate compositions from various
samples, feedstocks were washed with deionised water and 0.1M HCI. These media have
been adjudged effective in the removal of exchangeable metal ions in lignocellulosic samples
(KELLY et al., 1991; KLEEN and GELLERSTEDT, 1995; SCOTT et al., 2001). In addition, in
order to understand the effects of individual monovalent and divalent ions, another set of
water-washed samples were impregnated with NaCl and CaCl,. A comprehensive description
of the method is detailed in publication 2 (AZEEZ et al., 2011a). Results of major chemical

components in pyrolysates obtained are discussed below.

3.2.3.1 Effects of washing and impregnation of beech

Summarised results of major chemical products obtained from the five lignocelluloses
following pre-treatment and metal impregnation are shown in Appendices 3A-E. The
comparison of effects of water and dilute acid washing indicates that the latter is more
effective in the removal of metals attached to the biomass than the former. Both methods are
however more effective on the European biomasses with low metal content than indigenous-
metal-rich African samples. Of the two most abundant elements in all biomass, potassium is
more readily removed than calcium. This effect is likely related to the forms in which the
metals are attached in the biomass. This view has also been expressed by SCOTT et al. (2001).
These metal ions have varying degree of influences on individual chemical component in

lignocellulose pyrolysates, but their effects are much similar across all samples.

Based on tabulated results in Appendices 3A-E, the removal of metals from lignocellulose has
more or less no effect on some holocellulose and lignin derived products and at the same
time, enhancing or impeding the formation of other products. The removal of metals through
washing with deionised water caused no significant effect on the amounts of acetic acid,
propionaldeyhde, methylglyoxal, hydroxyacetaldehyde but unlike acid treated samples. As it

can be seen in Figure 3.11, European samples washed with acid showed more significant
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reduction in the amount of hydroxyacetaldehyde than the African samples whereas in case of
acetic acid, the reduction is almost negligible across all samples. Likewise, none of the added

metals largely influenced the production of both products.
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Figure 3.11: Effect of pre-treatments on the contents of acetic acid and hydroxyacetaldehyde.

A different scenario played out in case of holocellulose derived products such as 2(5H)-
furanone, 2-hydroxy-2-cyclopentene-1-one, propanal and 3-pentanone. There is reduction in
amounts of these species across all samples. As depicted in Figure 3.12, the effect is even
more prominent in propanal and acetol, where less than one-third of the initial concentration
is left in acid treated samples. It can be noted in sample dosed with monovalent and divalent
metals that the former suppressed the production of these compounds while sodium enhanced
their production. This observation is further buttressed by the degree of sodium ion
enhancement in European samples, in which contents of the ion introduced was higher than
initial concentration. Whereas in African biomasses, the amount of the indigenous ion
removed through initial washing before the impregnation is more significant than the content
introduced via impregnation. The observation on the action of monovalent sodium agrees
with conclusions of previous investigators on catalytic effects of potassium on pyrolysis

products (NOWAKOWSKI and JONES, 2008).

The most dramatic effect of the pretreatment is observed in important pyrolysis products such
as furfural, 5-(hydroxymethyl)-2-furaldehyde, 2-hydroxymethyl-5-hydroxy-pyran-4-one,
levoglucosan and other anhydrous sugars, found in large amount in corncob (Appendices 3A-
E). These chemicals are decomposed cyclic-products from holocellulose, chiefly from

cellulose. In comparison to products in which the removal of indigenous metal induces
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reduction, a reverse role is played by calcium in these cyclic-products, where the divalent

calcium ion enhances their production but monovalent sodium suppresses.
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Figure 3.12: Effects of pretreatment on the contents of acetol, propanal, 2(5H)-furanone and
2-hydroxy-2-cyclopentene-1-one.

The distributions of some of these products in investigated samples are shown in Figure 3.13.
It indicates that the amount of levoglucosan (in most cases) is about an order of 1 higher in
acid treated samples compared to untreated samples. About half of this effect can be noted in
the amount of 1, 5-anhydro-B-D-arabinofuranose (arabinosan) beside numerous peaks
detected on samples chromatograms identified as unknown anhydrosugars. With increase in
the formation of anhydrosugars and heavy pyrans, the average molecular weight (My,) of the

pyrolysate is expected to increase.

FAHMI et al. (2008) have observed that the removal of metal ions positively correlates with
increased M. They made this assertion without any reference to the causative metal.
Considering the effect of calcium ion addition on yields of these products, it can be suggested
that the monovalent metals in lignocellulose especially potassium found in large amounts

induce severe fragmentation of cellulose and probably hinder the formation of cellulose
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derived low molecular product via levoglucosan path as opined by SHAFIZADEH and his co-
workers. This assertion is further sustained by the observation of low levoglucosan content in
all untreated African samples (similar to the observation in their BCO), even though their

glucose content largely compared with the contents in European biomasses.
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Figure 3.13: Effects of pre-treatments on some holocellulose derived cyclic-compounds.

Minor differences in yields of some of these products noted in European and African
biomasses (Figure 3.13) are associated with the efficacy of removing metals in European
biomasses compared to the African biomasses. A second glance at structures of many of these
aforementioned cyclic-molecules shows that they are also formed from non-fragmented
hexose sugar monomer, similar in manner levoglucosan is obtained from glucose in cellulose

unit, except arabinosan, an aldopentose.

Many lignin derived products are less affected by the pre-treatment. However, prominent
lignin products such as vinyls of guaiacol, syringol and phenol are somehow affected by the
removal of ions, especially by the action of dilute acid. This effect is lesser in 4-vinyl
guaiacol. In contrast to the event in sugar-derived cyclic-compounds, their yield is slightly

enhanced in sodium-impregnated samples.
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In conclusion, compositions of pyrolysis products produced at different temperatures illustrate
differences in the pyrolysis products among the five samples. In general, holocellulose
derived pyrolysis products dominate across the entire temperature range. In contrast to BCO
from fluidised bed, 4-vinyls of guaiacol, syringol and phenol are noted to be most important
individual chemical products derived from lignin across most samples. This observation may
be related to the differences in the configuration of both pyrolysis systems. 4-vinyl guaiacol is
an aromatic substance that has wide application as flavouring agent whereas 4-vinylphenol is
a monomer that can be polymerised to obtain polystyrene-like plastic polymer known as poly-

4-vinlyphenol (PVP).

The strategy of obtaining large fractions of individual chemical products via temperature
variation may be seen as an unsuccessful approach. Maximum yields of most useful
chemicals are obtainable at the optimum pyrolysis temperature (450-500°C). Although
numerous aromatic products including various benzyl and phenyl based compounds are
formed at higher temperature (600-700), their concentration in the resulting pyrolysate are
very low and may prove uneconomical to separate. With appropriate and efficient separation
techniques, the high yield of 4-vinylphenol obtainable from corncob make it a raw material of

choose for the production of important monomers.

The removal of metals ion induced fragmentation patterns in lignocellulose different from the
normal path thereby altering the concentration of various chemical components. An attractive
means for the production of chemicals from lignocellulose via thermochemical conversion
process may be attained by the removal of indigenous monovalent metal ions such as
potassium and sodium. The subsequent introduction of divalent ion (calcium) will help to
enhance the production of cyclic-compounds in high yield. This will reduce the amount of
holocellulose derived low molecular chemical products that often complicate effective
separation of main products. The high molecular fractions obtained can then be separated and

individually converted to target (useful chemical) products.
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3.3 Application of catalysts in the production of chemicals from lignocellulose
(Publication 3)

The use of catalysts in thermochemical conversion of lignocelluloses is an option that have
been discussed by many authors, as a means of obtaining useful chemical from renewable
resources (BRIDGWATER, 1996; CARLSON et al., 2009; CARLSON et al., 2010). Most catalysts
often employed are modified forms of different zeolites. In this study, five types of
unmodified zeolites were employed to study their influence on individual pyrolysis product
from lignocellulose. These catalysts include acidic zeolites, H-ZSM-5-80, H-ZSM-5-28,
MSM-15, and basic zeolites, MSN-15 and SN-27. In order to limit the catalytic effects of
indigenous metals, beech sample (which has low mineral contents) was adopted for the
investigation. The samples were prepared as described by AZEEZ et al. (2011b) and pyrolysed
using Py-GC/FID/MS. The evaluation of results was carried out using peak areas in FID

signals.

3.3.1  Effects of catalysts

For the purpose of comparing yields of various pyrolysis products, FID peak areas of
identified components in samples doped with catalyst were divided by corresponding peaks in
untreated sample (US). The result of these ratios for various pyrolysis products is depicted in
Appendix 4. The most affected products are the holocellulose derived pyrolysis products. The
result indicates that the catalysts have specific effects mostly on volatile components derived
from cellulose and hemicellulose. Even in cases of reduction in yields of some low molecular
products, the extent of the reduction varies notwithstanding. This is illustrated by ratios of
acetol, 3-butenal-one, 3-pentanone and 2-hydroxy-3-methyl cyclopentene-1-one. Samples
treated with catalysts yield lower holocellulose derived products such as
hydroxyacetaldehyde, acetic acid and 3-hydroxy propionaldehyde. These products are often
found with prominent peaks in chromatograms (Py-GC/MS) of lignocelluloses. The extent of

the reduction is minimal and negligible in some instances.

The specificity of the zeolites is less pronounced among lignin derived products such as
guaiacol, 4-vinyl guaiacol, syringol and 4-vinyl syringol. Few exceptions to this observation
might have been occasioned by secondary fragmentation of products such as sinapaldehyde
into 4-methyl syringol. The secondary product can subsequently react with low molecular

products from holocellulose to form indene compounds.
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The PCA result for untreated and catalysed samples is depicted in Figure 3.14. It illustrates
effects of the zeolites based on their activities. Approximately 75% of the validated variations
in all the tested samples are described by PCs 1 and 2. Again, the categorisation in both PCs is
predominantly influenced by carbohydrate derived volatile products as previously mentioned.
The discrimination of MSM-15, HZSM-5-28 and HZSM-5-80 from the other two catalysts by
PC1 explains about 50% of the variation occasioned by acidic property of the catalysts. This
observation arises from improved yields of components such as 3-furaldehyde (22), 3-
hydroxy-5,6-dihydro-(4H)-pyran-4-one (39), 4-methyl-syringol (65), 6, hydroxyl-5, 7-
dimethoxy-1H-indene (75), 6-hydroxy-7-methoxy-1H-indene (68), and 1,6-anhydro-B3-D-
glucopyranose (76) and anhydrosugar (51), among others. The delineation of the second PC is
influenced by Si/Al, which enhances the production of chemical products such as 2-
cyclopentene-1-,4-dione (29), 2,3-butandione (3), 2-furaldehyde (26), and indenes (68, 69
and 75).
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Figure 3.14: Score and loading plots for major pyrolysis products.
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Both SN-27 and MSN-15 zeolites (with sodium active sites) have the least effect on beech
sample but they enhance the yield of 2-butenal. The alkali metal suppresses the production of
volatile products whose formation is via aldol-condensation reaction as seen in the ratio of
anhydrosugars formed (Appendix 4). The monovalent ion inhibits the formation of
levoglucosan and other anhydrosugars (KLEEN and GELLERSTEDT, 1995; RICHARDS and

SHAFIZADEH, 1982).

Two causative reasons have been adduced by different authors to explain this effect. While
WANG et al. (2006) suggested the lowering of pyrolysis temperature by basic catalysts as a
possible reason, CHOUDHARY and SRINIVASAN (1986) argued that the presence of sodium ions
hinders diffusivity of high molecular products (anhydrosugar for example) due to reduction in

the effective channel diameter.

It can be observed from Appendix 4 and Figure 3.15 that the most significant influence on the
volatile product yield is induced by the acidic catalysts. Dominant organic products in this
regard with marked effects are 1,6-anhydro-B-D-glucopyranose (Levoglucosan), 1, 5-
anhydro-B-D-xylofuranose, furfural and an unknown carbohydrate. These products (especially

levoglucosan and furfural) are important chemicals with wide industrial applications.
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Figure 3.15: Distributions of some volatile products from beech holocellulose (components
with annotated numbers are shown in Appendix 4).
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All acidic catalysts promote the formation of levoglucosan. The greatest enhancement is
induced by MSM-15 and HZSM-5-28 with about eight fold increment in samples dosed with
30% catalysts compared to the untreated sample. Peak area percentages of furfural and
levoglucosan increased from 1.4% and 3.3% in untreated sample chromatograms to 4.6% and
20% in sample treated with HZSM-5-80 and MSM-15 (Figure 3.16a and b). Increased yield
of furfural upon the application of zeolite catalyst to lignocelluloses have also been observed
by ADAM et al. (2005). The observation on the yield of levoglucosan is exceptional if
juxtaposed with reports by previous authors (ADAM et al., 2005; QIANG et al., 2009). The
discrepancy could be related to the selectivity of different catalyst employed by these authors

or methods of sample preparation.

Small pores of zeolite catalysts with varying characteristics accommodate active sites and
often determine selectivity in reactions. CSICSERY (1984) explained that the selectivity arise
from three forms namely reactant shape selectivity, product shape selectivity and transition
state selectivity. Apart from this, there exist also externally active sites on zeolites’ surface
area and their pore mouth region. Chemical reactions on zeolites surface area limits reactivity
through diffusion processes as a result of pore blockage (ZHENG et al., 2002). Therefore, the

transformation of molecules by zeolites is not exclusively by diffusion.

All investigated zeolites exhibit selectivity in their enhancement of various decomposition
products. The variation is even noted among H-ZSM-5 zeolites. Both H-ZSM-5 favour high
yield of anhydrosugars (yield in H-ZSM-5-28 > H-ZSM-5). On the other hand, H-ZSM-5-80
selectively enhanced furfural yield as shown in Figure 3.16(b). The only difference between

both catalysts lies in the silica-alumina ratio, which resulted in different acidic strengths.

The introduction of alumina into zeolites usually increases electronegativity, which is
compensated by hydrogen in zeolite. Therefore, H-ZSM-5-28 with lower Si0,/Al,O3 is more
acidic than H-ZSM-5-80. Consequentially, the marked effect of the MSM-15 with respect to

the highest amount of levoglucosan produced is related to its alumina content.
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Silica-to-alumina ratio has been noted to enhance the role of Bronsted acidity in the activity
of zeolite catalysts (WARD, 1970). Beside the strength of active sites, their location on zeolites
catalyst is another factor that can influence their functionality. It has been observed that extra
framework alumina (EFAL) promotes inductive effects with respect to Lewis acid sites
present around the Bronsted acid sites. These two sites are the active sites that determine the
reactivity of zeolites (NARBESHUBER et al., 1996). While the former is related to the EFAL,

the latter is connected to aluminium located on zeolite frameworks.

On the sample preparation, it was observed in pre-trials of the various catalysts used without
prior activation in furnace that the activities of various catalysts were negligible on the
amount of levoglucosan and some other volatile products obtained. This phenomenon could
have arisen due to the absorption of moisture on active sites of catalysts, thereby reducing the
activity of the catalyst. The chromatogram of the sample with inactivated zeolite is identical
with that of the untreated sample. In addition, the biomass sample was thoroughly mixed with
the catalyst to form homogenous powder. There was a close interaction between the volatile
product and surface area of the catalysts. This in effect, is expected to produce a different
result when compared to a condition in which the catalyst was introduced as a thin bed above

the sample as carried out by PATTIYA et al. (2008).

The role of acidity on the promotion of anhydrosugar formation during fast pyrolysis has been
widely investigated (DOBELE et al., 2003; SHAFIZADEH et al., 1979). DOBELE et al. (2003)
have noted that the cellulose glycosidic bonds undergo easy cleavage under the hydrolytic
action of acid. And since the depolymerisation step preludes the formation of levoglucosan
via transglycosylation, it could be deduced that the acidic zeolites act just like mineral acid by
protonating the glycosidic oxygen. This results in the production of cellulose monomers,
through which high yields of anhydrosugars are obtained. The suggested phenomenon can
arise from the transfer of protons from Bronsted acid sites located outside zeolites pores as

suggested by ZHENG et al. (2006).

In addition, it can be observed from the SEM images of untreated sample and sample treated
with 10% MSM-15 (Figure 3.17) that chars formed after pyrolysis are significantly smaller in
the latter. This morphological change is observed as a result of effective depolymerisation of

the cellulose units. Although the yield of levoglucosan tripled when impregnated with 1%



Chapter 3: Results and Discussion 74

phosphoric acid as reported by Dobele et al. (2003), results obtained under the action of
MSM-15 and HZSM-5 acidic zeolites are outstanding.

Untreated bech

=

Beh + 1% MSM-15

Before pyrolysis

After pyrolysis

Figure 3.17: SEM result of catalysed and untreated beech before and after pyrolysis.

3.3.2  Effect of catalyst concentration

In order to evaluate the role of zeolite concentrations on the yield of major pyrolysis products,
samples with gradient concentrations between 10% and 40% of MSM-15 and HZSM-5-80 on
the basis of the biomass weight were prepared and duplicate pyrolysis were carried out for
each sample. Yields of levoglucosan, furfural and some low volatiles responsible for the
discrimination projected by PC2 were evaluated. According to the result obtained as shown in
Figure 3.18, only levoglucosan and furfural yields are substantially influenced by different
concentrations of MSM-15 and HZSM-5-80. A moderate increase in the amount of 6-

hydroxy-5,7-dimethoxy-1H-indene is noticeable also in samples containing HZSM-5-80.
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These observations further validate afore-discussed results. It also concurs with the findings
of CARLSON et al. (2009), who observed that low feed-to-catalyst ratio improves products
yield. Moreover, it buttresses previous assertion on the limited role of molecular diffusion

through zeolites’ pore when the reactivity of its surface area is high (ZHENG et al., 2002).
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In conclusion, the use of catalysts to enhance high yields of important volatile products from
lignocellulosic biomass is a practicable option towards achieving renewable chemical
products. This may positively turn around the fortune of chemical industries that basically
depend on petroleum as their raw materials. Zeolite is a catalyst of choice to attain this goal
because they can be regenerated. Based on results obtained in this work, their action on the
volatile products composition appeared to be highly selective depending on the method of
sample preparation and the nature of the zeolites active sites. The acidic zeolites proved most

influential on biomass pyrolysis volatile products.

High yields of levoglucosan obtained from the acidic zeolites possibly resulted from the
predominance of dehydration process, following the depolymerisation by acidic zeolites. The
amount of furfural is significantly enhanced by the catalyst with the highest silica-to-alumina
ratio due to less activity at the surface area of the zeolite. Consequently, the contribution of
the diffusion process in the modification of the thermochemical fragmentation products is
enhanced. The method of sample preparation, which ensured close interaction between the

catalyst and the sample, might have played a major role in the observed phenomenon.
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3.4 Summary

In view of the daunting reality of the finite nature and more importantly, the environmental
impacts of petroleum as major energy source, the necessity to source derive our energy needs
from renewable sources has gained global acceptance. Chemical products for a variety of
applications are but essential industrial raw materials that are almost exclusively obtained
from petroleum at the moment. The conversion of lignocellulosic biomass offers promising
renewable alternatives to obtain virtually all chemical products of important industrial
applications ranging from low molecular chemical products to aromatic fractions from which
benzene, toluene or xylene can be generated. Development of appropriate strategies for the
conversion process is however required to harness this great potential. Thermochemical
conversion of biomass (via fast pyrolysis) is one of the many conversion routes through which
hundreds of chemical products such as acetic acid, levoglucosan, hydroxyacetaldehyde,
furfural, 4-vinyl phenol, 4-vinly guaiacol etc. can be generated . Many of these products can

be converted to obtain more useful or valuable chemical products.

Prior to conversion of different lignocellulosic wastes obtained from Africa and Europe, their
physico-chemical analyses revealed differences in their chemical composition ranging from
high extractive and mineral contents in lignocelluloses of Africa origin, aside from the general
dissimilarities in major constituents (cellulose, hemicellulose and lignin) among different

types of lignocellulose (hardwood, softwood and annual plants).

Thermochemical conversion of various lignocelluloses at 500°C in a fluidised bed reactor
produced pyrolysate, char and mixture of non-condensable gases. The pyrolysate otherwise
known as bio crude oil (BCO) contains over 85 chemical products, beside several other
products (high molecular decomposition products), whose identities are difficult to ascertain.
Individual concentrations of many of these products are very low in BCO, thereby

complicating their separation process for identification.

Comparison of chemical products in BCOs from various lignocelluloses indicates that
significant amounts of several products such as 4-vinyl phenol, 4-vinyl guaiacol and acetic
acid are found mostly in corncob. The largest amount of levoglucosan, an anhydrosugar, was
obtained in BCO of spruce. This is an indication that the composition of pyrolysis products in

BCO is feedstock specific. Generally, the African biomasses yielded lesser pyrolysate owing
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to catalytic effects of high metal content present in the samples. The chemical compositions

of BCOs from similar wood types (iroko, albizia and beech) largely correspond.

In order to improve the yield of individual chemical products in pyrolysates of different
samples, parametric influence of pyrolysis temperature was employed. The result of this
analysis carried out using an analytical pyrolysis unit shows that the possibility of efficiently
producing volatile chemical products at temperature below the optimum value of 450-550°C
is remote. It compromises the yield and the purity of individual chemical products.
Conversions at temperatures above 600-700°C produced several benzyl and phenyl products
mostly derived from lignocellulose lignin macromolecule. However, their concentrations are
very low and may prove uneconomical to extract from several tens of products with higher
fractions (mostly holocellulose derived products). Based on these observations, the best
practice of fast pyrolysis at optimum temperature still stands as the best option to obtain high

yields of chemical products.

The application of samples pretreatment such as water and dilute acid washing, to ameliorate
the effect of indigenous mineral contents in feedstock on the pyrolysate yield, revealed that
dilute acid washing is more effective than the former. Divalent ions were more easily
removed than the monovalent ion, while larger fraction of these metals in both African
hardwoods remains unaffected by any of the washing options. The removal of these
ubiquitous minerals in feedstock alters the pyrolysis decomposition reaction pathway. The
impregnation of calcium and sodium ions in water-washed samples shows that these alkali
and alkaline earth metals are specific in their influences on the pyrolysate composition. While
Ca®" enhanced the formation of high molecular products from holocellulose, the presence of
sodium slightly promoted formation of 4-vinyl phenol and 4-vinyl guaiacol from lignin

macromolecule.

A careful manoeuvring of this pretreatment strategy may offer a novel approach for the
production of chemicals from lignocellulose. For instance, it was noted that the impregnation
of Ca*" into lignocellulose promotes the cyclization of holocellulose-derived products leading
to the substantial increase in cyclic compounds (up to order of 1 in some products especially
levoglucosan). The production of compounds such as levoglucosan, furfural, 5-
(hydroxymethyl)-2-furaldehyde, 2-hydroxymethyl-5-hydroxy-pyran-4-one at the expense of

low molecular weight products will limit the number of chemical products in pyrolysate and
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facilitate separation processes. And specific cyclic compounds can then be carefully

converted to more valuable chemical products.

The application of zeolite catalysts is another strategic option in modifying nature and yields
of chemical products from thermochemical conversion of lignocellulose. Investigations using
zeolite catalysts showed that the nature of the active site on zeolites and the alumina to silica
ratio play most important roles, in addition to method of sample preparation. The use of acidic
zeolites in a way similar to the operation in fluidized catalytic cracking (FCC) unit induced a
very high concentration of levoglucosan and furfural owing to effective depolymerisation of
the cellulose and hemicellulose unit occasioned by high cleavage of glycosidic bonds. The
close interactions between sample particles and the zeolite surface area might have

contributed to this dramatic effect via protonation.

By and large, the development of effective separation techniques, which is outside the focus
of this research, is an essential operational tool required to obtain many of these products.
Alternatively, in order to limit numbers of chemical components that make the separation of
the complex mixture more difficult, depolymerisation of the macropolymers in lignocellulose
to different fractions prior to thermochemical conversion is an option. The individual major
fractions can be more effectively converted using optimum conditions and pretreatment to

generate high yield of valuable chemical products.

Therefore, strategies to improve the use of BCO to obtain high value chemicals will involve
choosing specific feedstocks for targeted chemical production based on original chemical
composition, depolymerisation of the feedstocks to major constituent fractions, means of
optimising specific chemicals by process modification through the use pretreatment options,
and catalyst. Efficient fractionation and separation techniques must be developed to obtain

various chemicals products in economical quantity.
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Appendices

Appendix 1- GC- detectable components in BCO.

weight percent (dry basis)

Components Beech  Spruce Iroko Albizia Corn cob
Acids 8.2 2.6 6.7 7.1 9.1
1. Acetic acid 8.0 25 6.1 6.8 8.5
2. Propionic acid 0.2 0.1 0.6 0.3 0.6
Nonaromatic Aldehydes 10.3 11.3 9.1 9.1 7.3
3. Acetaldehyde, hydroxy- 7.9 9.8 7.0 6.7 5.1
4. Propionaldehyde, 3-hydroxy 1.4 0.9 0.8 1.0 0.9
5. Butandial or Propanal 1.0 0.6 1.3 14 14
Nonaromatic Ketones 5.1 4.2 8.1 5.8 10.2
6. Acetol (Hydroxypropanone) 2.7 2.4 4.3 3.1 4.7
7. Butanone, 1-hydroxy-2- 0.3 0.2 0.6 0.4 1.3
8. Acetoin; Hydroxy-2-butanone, 3- 0.1 0.1 0.1 - -
9. Propanone, acetyloxy-2- 0.1 0.1 0.1 0.1 0.3
10. Cyclopentene-1-one, 2- 0.2 0.1 0.3 0.2 0.4
1. Cyclopentene-1-one, 2,3-dimethyl-2- - - <0.0 - 0.1
12. Cyclopentene-1-one, 2-methyl-2- <0.0 <0.0 0.1 0.1 0.2
13. Cyclopentene-1-one, 3-methyl-2- <0.0 <0.0 0.1 <0.0 0.1
14. Cyclopentene-1-one, 2-hydroxy-2- 1.2 0.9 14 1.2 1.9
15. Cyclopentene-3-one, 2-hydroxy-1-methyl-1- 0.5 0.3 1.1 0.6 1.3
Furans 24 2.5 2.8 2.7 3.3
16.  Furanone, 2(5H)- 0.6 0.5 0.7 0.6 0.6
17. Furaldehyde, 2- 0.6 0.4 0.5 0.6 1.0
18.  Furaldehyde, 3- - - - - 0.1
19. Furaldehyde, 5-methyl-2- - 0.1 0.1 0.1 0.1
20. Furaldehyde, 5-(hydroxymethyl)-, 2- 0.3 - - -
21. Furan-2-one, 5-methyl-, (5H)- 0.1 <0.0 0.1 0.1 0.1
22.  Furan-2-one, 3-methyl-, (5H)- 0.1 0.1 0.1 0.1 -
23.  Furan-x-on, x,x-dihydro-x-methyl- 0.3 0.2 0.2 0.2 0.2
24. Butyrolactone, y- 0.1 0.1 0.2 0.2 0.2
25. Butyrolactone, 2-hydroxy-, y- 0.3 04 0.5 0.4 0.5
26.  Furan-2-one, 4-methyl-(5H)- NIST MQ 88 0.1 0.1 0.1 0.1 0.1
27.  Lactone derivative 0.3 0.3 0.3 0.5 0.4
28. | actone derivative - 0.1 - - 0.1
Pyrans 1.9 18 0.7 1.2 13
29.  Maltol (Pyran-4-on, 3-Hydroxy-2-methyl-4H-) - - 0.2 0.1 0.3
30.  Pyran-4-one, 3-hydroxy-5,6-dihydro-, (4H)- 15 0.9 0.5 1.0 0.9
31. Pyran-4-one, 2-Hydroxymethyl-5-hydroxy-2,3-
dihydro-, (4H)- 0.3 0.9 0.1 0.1 0.1
Sugars 3.3 5.3 2.3 2.6 3.4
32. Anhydro-3-D-arabinofuranose, 1,5- - - - - 0.4
33. Anhydro-3-D-xylofuranose, 1,5- 0.2 - - - 0.6
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34.
35.
36.

37.

38.
39.

40.
41.
42.
43.
44.
45.
46.
47.
48.
49.

50.
51.
52.
53.
54.
55.
56.
57.
58.
59.

60.
61.
62.

63.
64.
65.

66.
67.
68.
69.
70.
71.
72.

Anhydro-3-D-glucopyranose, 1,6- (Levoglucosan)
Dianhydro-a-D-glucopyranose, 1,4:3,6-
poss: Anhydrosugar unknown

Benzenes
Toluene

Catechols
Hydroquinone (Benzene, 1,4-dihydroxy-)
Benzenediol, methyl-

Lignin derived Phenols
Phenol

Cresol, o-

Cresol, p-

Cresol, m-

Phenol, 2,4-dimethyl-
Phenol, 4-ethyl-

Phenol, ethyl-methyl-
Phenol, 4-vinyl-
Benzaldehyde, 4-hydroxy-
Benzaldehyde, hydroxy-

Guaiacols (Methoxy phenols)

Guaiacol

Guaiacol, 4-methyl-

Guaiacol, 4-ethyl-

Guaiacol, 4-vinyl-

Guaiacol, 4-allyl- (Eugenol)

Guaiacol, 4-propyl-

Guaiacol, 4-propenyl- cis (Isoeugenol)
Guaiacol, 4-propenyl-(trans) (Isoeugenol)

Vanillin
Phenylacetaldehyde, 4-hydroxy-3-methoxy-
(Homovanillin)

Dihydroconiferyl alcohol

Coniferyl alcohol, Isomer of
Phenylethanone, 4-hydroxy-3-methoxy-
(Acetoguajacone)

Propioguaiacon
Guaiacyl acetone
Coniferylaldehyde

Syringols (Dimethoxy phenols)
Syringol

Syringol, 4-methyl-

Syringol, 4-ethyl-

Syringol, 4-vinyl-

Syringol, 4-allyl-

Syringol, 4-propyl-

Syringol, 4-(1-Propenyl)-, cis

24
0.2
0.5

0.1
0.1

<0.0
<0.0

0.2
<0.0
<0.0
<0.0
<0.0

0.1

0.1

1.4
0.2
0.1
<0.0
0.1
0.1

0.2
0.2
0.2

0.1

0.1

<0.0
0.1

3.0
0.5
0.2
0.1
0.3
0.1
0.1
0.1

4.5
0.1
0.8

0.1
0.1

<0.0

0.4
0.1
0.1
<0.0
<0.0
0.1

0.1

4.0
0.4
0.4
0.1
0.4
0.2
<0.0
0.3
0.5
0.5

0.3
0.1
0.2

0.3
0.1
0.1
0.2

<0.0

1.1
0.3
1.0

0.1
0.1

0.4
0.3
0.1

0.9
0.2
0.1
0.1
0.1
0.1
<0.0

0.3

0.1

4.0
0.8
0.3
0.1
0.7
0.1
<0.0
0.3
0.6
0.3

0.2

0.1

0.3

0.1
0.2

3.0
0.7
0.2
0.1
0.5
0.2
0.1
0.1

1.4
0.2
0.5

0.1
0.1

0.1
0.1
0.1

0.4

0.1
<0.0
<0.0
<0.0

0.1
<0.0

<0.0

0.1

2.7
0.5
0.2
0.1
0.4
0.1
<0.0
0.2
0.4
0.2

0.1

0.1

0.2

<0.0
0.2

33
0.6
0.2
0.1
0.5
0.1
0.1
0.1

1.2
0.4
0.9

0.1
0.1

0.3
0.2
0.1

3.6
0.3
0.1
0.1
0.1
<0.0
0.3
<0.0
2.5
0.1
0.1

35
0.5
0.2
0.2
1.7
0.1
<0.0
0.1
0.2
0.3

0.1

0.1
<0.0

12
0.3
0.1
<0.0
0.2
0.1

0.1
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73.
74.
75.
76.
77.
78.
79.
80.

Syringol, 4-(1-Propenyl)-, trans
Syringaldehyde
Homosyringaldehyde

Sinapyl alcohol, Isomer of
Acetosyringone
Propiosyringone
Syringylacetone
Sinapaldehyde (trans)

Total

0.3
0.3
0.1
0.1
0.2
0.1
0.1
0.5

36.3

32.7

0.3
0.2
0.1

0.2

0.1
0.3

38.7

0.4
0.3
0.1
0.1
0.2
0.1
0.1
0.5

35.7

0.2
<0.0

0.1
<0.0
<0.0

44.0

- Not detected
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Appendix 2A — Normalised area of pyrolysis products at different temperatures

Beech
Temperature °C

Chemical product 400 450 500 550 600 650 700
Acids
Acetic acid 459 424 433 410 365 362 288
Nonaromatic Aldehydes
Propenal, 2- (Acrolein) - - 116 193 255 325 317
Acetaldehyde, hydroxy- 422 480 397 374 139 256 136
Methylglyoxal (Propanal-2-on) 235 208 219 220 201 170 110
Propionaldehyde, 3-hydroxy- 105 112 116 115 96 84 53
Nonaromatic Ketones
Acetol (Hydroxypropanone) 182 168 165 162 103 141 105
Butanone, 1-hydroxy-2- - - - 11 77 96 6.6
Butandione, 2,3-; ( Diacetyl) 64 70 77 90 59 58 45
Butenal-2-one, 3- 97 51 31 19 13 74 438
3-Pentanone 49 38 44 42 35 26 14
Cyclopenten-1-one, 2- - 18 24 28 28 29 29
Cyclopenten-1-one, 2-hydroxy-2- 105 94 99 103 68 74 44
Cyclopenten-3-one, 2-hydroxy-1-methyl-1- 19 21 27 29 22 22 15
Furans
Furanone, 3(2H)- - 14 15 15 12 12 76
Furanone, 2(5H)- 93 84 85 69 51 34 19
Furaldehyde, 2- 70 63 67 65 61 47 37
Furaldehyde, 5-(hydroxymethyl)-, 2- 27 25 25 22 12 14 95
2(3H)-Furanone, dihydro-4-hydroxy- 40 29 22 17 12 86 54
Furan-x-on, x,x-dihydro-x-methyl- 46 41 41 37 23 14 -
5-(Hydroxymethyl)dihydro-2(3H)-furanone 69 52 46 39 22 22 93
poss: 2-Hydroxy-gamma-butyrolactone 20 17 16 14 11 10 5.1
Lactone derivative 21 11 85 43 24 46 42
Pyrans
Pyran-4-one, 3-hydroxy-5,6-dihydro-, (4H)- 175 153 126 96 52 30 84
Pyran-4-one, 2-hydroxymethyl-5-hydroxy-2,3-dihydro-, 46 48 32 22 10 6.3 -
(S4u|-!q)ars
Anhydro-3-D-arabinofuranose, 1,5- 8.4 75 64 47 34 52 -
Anhydro--D-xylofuranose, 1,5- - - - - - - -
Anhydro-3-D-glucopyranose, 1,6-; (Levoglucosan) 151 156 182 177 153 142 93
Dianhydro-a-D-glucopyranose, 1,4:3,6- 16 13 12 9.7 8 6.3 4
Anhydrosugar unknown (unspecific MS-spectrum) 107 65 49 36 25 6.3 -
Benzenes
poss: 1H-Indenol - - - 33 65 98 15
Indene, 6-hydroxy-7-methoxy-, 1H- 9 - 20 19 12 - -
Indene, 6-hydroxy-7-methoxy-, 2H- 16 20 28 28 19 82 -
Indene, 6-Hydroxy-5,7-dimethoxy-, 1H- 20 22 25 17 7.4 - -
Catechols

Hydroquinone; (Benzene, 1,4-dihydroxy-) 4.3 4 42 47 43 52 53
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Aromatic Aldehydes
Benzaldehyde, 2-hydroxy-; (Salicylaldehyd) - - - - 44 63 73
Lignin derived Phenols
Phenol 5.8 71 97 14 18 28 44
Cresol, o- - 6 8.2 11 13 20 28
Cresol, m- - - - 63 85 79 22
Phenol, 4-ethyl- - - - - 23 37 62
Phenol, 4-vinyl- - - - - 4.4 6.9 12
Guaiacols (Methoxy phenols)
Guaiacol 43 37 35 29 16 92 6.3
Guaiacol, 4-methyl- 19 16 19 14 6.9 44 -
Guaiacol, 4-vinyl- 49 46 50 44 26 12 -
Guaiacol, 4-allyl-; (Eugenol) 11 12 14 13 7.7 441 -
Guaiacol, 4-propenyl- (trans); (Isoeugenol) 49 33 40 33 21 11 -
Vanillin 18 20 24 25 21 13 55
Phenylacetaldehyde, 4-hydroxy-3-methoxy;- 17 19 23 14 12 56 -
(Homovanillin)
Coniferyl alcohol (trans) 46 63 69 53 19 -
Phenylethanone, 4-hydroxy-3-methoxy-; 10 12 15 14 11 -
(Acetoguajacone)
Coniferylaldehyde 15 15 19 16 96 27 -
Syringols (Dimethoxy phenols)
Syringol 71 67 68 50 22 79 -
Syringol, 4-methyl- 42 39 41 28 12 6 -
Syringol, 4-vinyl- 124 111 105 78 37 14 -
Syringol, 4-allyl- 17 18 23 16 8 3.9 -
Syringol, 4-(1-propenyl)-, trans 82 78 81 53 21 64 -
Syringaldehyde 41 50 58 55 37 17 3.7
Sinapyl alcohol (trans) 46 61 47 25 3.9 - -
Acetosyringone 24 28 32 26 21 12 -
Syringylacetone 29 23 19 16 84 41 -
Sinapaldehyde (trans) 80 74 71 55 27 71 -
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Appendix 2B - Normalised area of pyrolysis products at different temperatures
Spruce
Temperature °C
Chemical product 400 450 500 550 600 650 700
Acids
Acetic acid 160 144 139 134 133 119 114
Alkene - - - - - - -
poss: 1,5-Heptadiene, 2,6-dimethyl- - - - - - - -
poss: 1,6-Dimethylhepta-1,3,5-triene - - - - - - -
Cyclohexene,3-(2-propenyl)- - - - - - - -
Nonaromatic Aldehydes
Propenal, 2- (Acrolein) - - 127 205 284 305 340
Acetaldehyde, hydroxy- 486 518 470 426 295 176 186
Methylglyoxal (Propanal-2-on) 222 235 223 225 213 175 116
Propionaldehyde, 3-hydroxy- 65 72 72 71 63 50 37
Nonaromatic Ketones
Acetol (Hydroxypropanone) 150 148 134 130 123 106 113
Butanone, 1-hydroxy-2- - - - 0 7.4 6.8 6.8
Butandione, 2,3-; ( Diacetyl) - 73 73 84 60 53 48
Butenal-2-one, 3- - 25 29 21 1 5.2 4.2
3-Pentanone - - - - - - -
Cyclopenten-1-one, 2- - 16 20 24 27 28 8.8
Cyclopenten-1-one, 2-hydroxy-2- 80 82 85 86 81 63 49
Cyclopenten-3-one, 2-hydroxy-1-methyl-1- - 16 19 20 22 18 13
Furans
Furanone, 3(2H)- - 15 15 14 15 12 8.4
Furanone, 2(5H)- 72 68 69 57 43 29 19
Furaldehyde, 2- 46 47 50 52 48 41 34
Furaldehyde, 5-(hydroxymethyl)-, 2- 65 66 60 58 43 30 22
2(3H)-Furanone, dihydro-4-hydroxy- 62 46 28 18 3.8 12 7.9
Furan-x-on, x,x-dihydro-x-methyl- 36 33 35 30 21 9.6 -
5-(Hydroxymethyl)dihydro-2(3H)-furanone 59 46 36 31 22 13 7.8
poss: 2-Hydroxy-gamma-butyrolactone 19 16 14 12 12 9.5 -
Lactone derivative 22 12 12 12 2 8.6 8.5
Pyrans
Pyran-4-one, 3-hydroxy-5,6-dihydro-, (4H)- 91 84 70 54 35 12 5.1
Pyran-4-one, 2-hydroxymethyl-5-hydroxy-2,3-dihydro-, 138 121 74 60 24 - -
(S4u|-!q)ars
Anhydro-3-D-arabinofuranose, 1,5- 20 18 15 13 9.1 8 -
Anhydro--D-xylofuranose, 1,5- - - - - - - -
Anhydro-3-D-glucopyranose, 1,6-; (Levoglucosan) 260 298 298 291 281 234 165
Dianhydro-a-D-glucopyranose, 1,4:3,6- 9.6 8.5 8.2 7.6 6.2 4.6 34
Anhydrosugar unknown (unspecific MS-spectrum) 79 53 33 25 22 9.3 6.6
Benzenes
poss: 1H-Indenol - - - 5.8 12 18 -
Indene, 6-hydroxy-7-methoxy-, 1H- 23 25 32 28 15 4.9 -

Indene, 6-hydroxy-7-methoxy-, 2H- 30 32 38 34 19
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Indene, 6-Hydroxy-5,7-dimethoxy-, 1H-
Catechols

Hydroquinone; (Benzene, 1,4-dihydroxy-)
Aromatic Aldehydes

Benzaldehyde, 2-hydroxy-; (Salicylaldehyd)
Lignin derived Phenols

Phenol

Cresol, o-

Cresol, m-

Phenol, 4-ethyl-

Phenol, 4-vinyl-

Guaiacols (Methoxy phenols)

Guaiacol

Guaiacol, 4-methyl-

Guaiacol, 4-vinyl-

Guaiacol, 4-allyl-; (Eugenol)

Guaiacol, 4-propenyl- (trans); (Isoeugenol)
Vanillin

Phenylacetaldehyde, 4-hydroxy-3-methoxy;- (Homovanillin)

Coniferyl alcohol (trans)

Phenylethanone, 4-hydroxy-3-methoxy-; (Acetoguajacone)

Coniferylaldehyde

86
91
107
22
95
54
25
121
27
92

9.7
9.4
4.9

88
98
116
30
103
60
28
115
32
90

12
11

3.8
5.1

81
88
116
33
104
64
30
164
35
87

3.1

3.5

17
14
7.6
3.9
6.9

60
59
102
30
83
69
29
120
34
76

3.6

6.8

25
19
11
5.3
9.5

32
26
57
17
52
45
15
51
22
48

4.5

7.7

38
25
17
7.2
16

4.9

9.9

68
36
26
13
28

3.2
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Appendix 2C - Normalised area of pyrolysis products at different temperatures

Iroko
Temperature °C

Chemical product 400 450 500 550 600 650 700
Acids
Acetic acid 214 205 200 193 198 161 149
Alkene - - - - - - -
poss: 1,5-Heptadiene, 2,6-dimethyl- 52 52 51 34 21 - -
poss: 1,6-Dimethylhepta-1,3,5-triene 32 14 22 17 12 4.4 -
Cyclohexene,3-(2-propenyl)- - - 13 10 12 81 44
Nonaromatic Aldehydes
Propenal, 2- (Acrolein) - - - 84 136 151 185
Acetaldehyde, hydroxy- 320 293 246 191 148 93 95
Methylglyoxal (Propanal-2-on) 153 131 134 133 136 99 60
Propionaldehyde, 3-hydroxy- 47 49 49 47 46 32 25
Nonaromatic Ketones
Acetol (Hydroxypropanone) 199 193 173 153 142 106 100
Butanone, 1-hydroxy-2- 18 19 20 19 18 12 11
Butandione, 2,3-; ( Diacetyl) 45 47 56 49 52 43 33
Butenal-2-one, 3- 18 20 17 14 78 33 0
3-Pentanone 69 61 57 49 44 27 15
Cyclopenten-1-one, 2- 12 17 22 26 29 26 26
Cyclopenten-1-one, 2-hydroxy-2- 132 116 98 83 75 51 39
Cyclopenten-3-one, 2-hydroxy-1-methyl-1- 29 34 39 41 39 28 22
Furans
Furanone, 3(2H)- 38 26 18 12 87 52 44
Furanone, 2(5H)- 75 67 56 46 37 22 13
Furaldehyde, 2- 36 39 40 41 41 31 24
Furaldehyde, 5-(hydroxymethyl)-, 2- 81 82 78 62 54 46 5.1
2(3H)-Furanone, dihydro-4-hydroxy- 19 17 18 16 12 - -
Furan-x-on, x,x-dihydro-x-methyl- 27 23 19 16 12 49 -
5-(Hydroxymethyl)dihydro-2(3H)-furanone 40 29 20 14 12 6.2 -
poss: 2-Hydroxy-gamma-butyrolactone 16 14 13 12 12 83 -
Lactone derivative 16 14 13 92 97 22 6.5
Pyrans
Pyran-4-one, 3-hydroxy-5,6-dihydro-, (4H)- 43 37 27 20 14 63 19
Pyran-4-one, 2-hydroxymethyl-5-hydroxy-2,3-dihydro-, 7.1 66 49 35 - - -
(S4u|—3ars
Anhydro-3-D-arabinofuranose, 1,5- 5.1 41 3.6 34 37 - -
Anhydro-3-D-xylofuranose, 1,5- - - - - - - -
Anhydro-3-D-glucopyranose, 1,6-; (Levoglucosan) 32 37 42 43 35 40 29
Dianhydro-a-D-glucopyranose, 1,4:3,6- 86 82 738 7 69 55 39
Anhydrosugar unknown (unspecific MS-spectrum) 147 97 66 43 34 98 89
Benzenes
poss: 1H-Indenol - - - - 9.2 11 6.1
Indene, 6-hydroxy-7-methoxy-, 1H- 7.7 12 23 22 15 - -

Indene, 6-hydroxy-7-methoxy-, 2H- 10 15 26 27 21 - -
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Indene, 6-Hydroxy-5,7-dimethoxy-, 1H-
Catechols

Hydroquinone; (Benzene, 1,4-dihydroxy-)
Aromatic Aldehydes

Benzaldehyde, 2-hydroxy-; (Salicylaldehyd)
Lignin derived Phenols

Phenol

Cresol, o-

Cresol, m-

Phenol, 4-ethyl-

Phenol, 4-vinyl-

Guaiacols (Methoxy phenols)

Guaiacol

Guaiacol, 4-methyl-

Guaiacol, 4-vinyl-

Guaiacol, 4-allyl-; (Eugenol)

Guaiacol, 4-propenyl- (trans); (Isoeugenol)
Vanillin

Phenylacetaldehyde, 4-hydroxy-3-methoxy;- (Homovanillin)
Coniferyl alcohol (trans)

Phenylethanone, 4-hydroxy-3-methoxy-; (Acetoguajacone)
Coniferylaldehyde

Syringols (Dimethoxy phenols)

Syringol

Syringol, 4-methyl-

Syringol, 4-vinyl-

Syringol, 4-allyl-

Syringol, 4-(1-propenyl)-, trans
Syringaldehyde

Sinapyl alcohol (trans)

Acetosyringone

Syringylacetone

Sinapaldehyde (trans)

7.4

6.1

19
9.3
6.2

67

89
37
150
15
66
18
9.8
123
15
22

66
27
138
15
59
14
27
14
16
25

11

5.5

24
12
7.4

72

94
40
155
18
77
21
9.9
136
17
22

67
30
134
17
62
15
28
14
20
24

14

5.7

24
14

70

88
41
146
21
77
23
11
108
18

62
27
118
18
56
16
20
15
40
27

10

28
17
9.3
4.6
66

70
30
114
17
62
23

80
17
18

43
18
82
13
38
15
11
14
14
20

5.5

6.3

37
23
15
8.2
75

40
17
67
11
41
19
4.6
31
14
9.3

21
8.8
39
6.7
17
11

11
11
7.9

6.1

8.4

41
25
18
10
65

14
3.7

21
3.5

6.6
6.4

4.7

9.2

4.1
4.4

6.2

7.3

7.9

62
33
26
14
66
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Appendix 2D - Normalised area of pyrolysis products at different temperatures

Albizia
Temperature °C

Chemical product 400 450 500 550 600 650 700
Acids
Acetic acid 274 272 272 269 254 217 206
Nonaromatic Aldehydes
Propenal, 2- (Acrolein) - 53 94 140 187 217 240
Acetaldehyde, hydroxy- 223 255 188 170 145 91 83
Methylglyoxal (Propanal-2-on) 152 132 156 161 159 143 105
Propionaldehyde, 3-hydroxy- 47 52 58 57 50 42 34
Nonaromatic Ketones
Acetol (Hydroxypropanone) 128 134 134 125 117 88 93
Butanone, 1-hydroxy-2- 12 15 16 16 15 93 10
Butandione, 2,3-; ( Diacetyl) a7 49 66 54 52 46 41
Butenal-2-one, 3- 17 23 28 21 10 56 4.2
3-Pentanone 80 75 67 61 49 32 20
Cyclopenten-1-one, 2- 12 16 22 24 25 24 25
Cyclopenten-1-one, 2-hydroxy-2- 109 103 93 83 7 49 40
Cyclopenten-3-one, 2-hydroxy-1-methyl-1- 18 23 30 28 26 18 16
Furans
Furanone, 3(2H)- 11 13 13 13 12 91 6.4
Furanone, 2(5H)- 73 65 70 58 44 31 17
Furaldehyde, 2- 47 43 48 47 41 34 26
Furaldehyde, 5-(hydroxymethyl)-, 2- 11 12 96 83 6.1 44 5
2(3H)-Furanone, dihydro-4-hydroxy- 25 22 - - - 88 57
Furan-x-on, x,x-dihydro-x-methyl- 28 24 24 20 16 9.1 -
poss: 2-Hydroxy-gamma-butyrolactone 16 14 15 13 11 8 -
Lactone derivative 67 60 41 33 25 12 7
Pyrans
Pyran-4-one, 3-hydroxy-5,6-dihydro-, (4H)- 95 84 72 56 37 18 538
Pyran-4-one, 2-hydroxymethyl-5-hydroxy-2,3-dihydro-, 12 12 8 68 44 - -
(4H)-
Sugars
Anhydro-3-D-arabinofuranose, 1,5- 6.9 7 66 69 65 - -
Anhydro-3-D-glucopyranose, 1,6-; (Levoglucosan) 70 80 94 93 86 63 58
Dianhydro-a-D-glucopyranose, 1,4:3,6- 82 7.7 8 7 67 49 38
Benzenes
poss: 1H-Indenol - - - 4 6.9 11 13
Indene, 6-hydroxy-7-methoxy-, 1H- 78 94 23 27 15 45 -
Indene, 6-hydroxy-7-methoxy-, 2H- 9.1 12 26 34 22 11 7.8
Indene, 6-Hydroxy-5,7-dimethoxy-, 1H- 13 15 24 18 6.7 - -
Catechols
Hydroquinone; (Benzene, 1,4-dihydroxy-) 42 41 44 46 5 47 57

Aromatic Aldehydes
Benzaldehyde, 2-hydroxy-; (Salicylaldehyd) - - - - 7 69 741
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Lignin derived Phenols
Phenol 8.4 11 15 17 23 31 45
Cresol, o- 54 71 97 11 16 19 29
Cresol, m- - 47 56 7 12 17 25
Phenol, 4-ethyl- - - - - 3.9 5.1 7.4
Phenol, 4-vinyl- 32 46 44 58 7 92 15
Guaiacols (Methoxy phenols)
Guaiacol 69 74 75 54 30 14 -
Guaiacol, 4-methyl- 25 29 29 22 12 57 -
Guaiacol, 4-vinyl- 83 88 86 72 42 19 5.2
Guaiacol, 4-allyl-; (Eugenol) 12 15 18 16 89 3.8 -
Guaiacol, 4-propenyl- (trans); (Isoeugenol) 68 75 81 66 41 25 -
Vanillin 12 14 18 19 16 12 5
Phenylacetaldehyde, 4-hydroxy-3-methoxy;- (Homovanillin) 55 74 - 7 35 - -
Coniferyl alcohol (trans) 116 114 113 71 31 - -
Phenylethanone, 4-hydroxy-3-methoxy-; (Acetoguajacone) 9.1 11 14 14 99 58 -
Coniferylaldehyde 19 20 21 19 - 29 -
Syringols (Dimethoxy phenols)
Syringol 96 105 98 71 31 96 -
Syringol, 4-methyl- 38 44 43 29 13 563 -
Syringol, 4-vinyl- 153 151 134 94 44 16 -
Syringol, 4-allyl- 16 18 21 18 7.7 51 -
Syringol, 4-(1-propenyl)-, trans 102 108 98 61 26 6.9 -
Syringaldehyde 21 26 31 31 21 13 -
Sinapyl alcohol (trans) 50 53 40 16 3.3 - -
Acetosyringone 17 20 22 19 13 841 -
Syringylacetone 25 23 20 15 19 49 -
Sinapaldehyde (trans) 47 46 47 33 16 - -
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Appendix 2E - Normalised area of pyrolysis products at different temperatures
Corncob
Temperature °C
Chemical product 400 450 500 550 600 650 700
Acids
Acetic acid 268 255 256 261 242 232 194
Nonaromatic Aldehydes
Propenal, 2- (Acrolein) - - - 130 193 260 263
Acetaldehyde, hydroxy- 318 324 281 252 198 208 99
Methylglyoxal (Propanal-2-on) 208 237 244 263 244 208 131
Propionaldehyde, 3-hydroxy- 49 55 58 59 54 49 32
Nonaromatic Ketones
Acetol (Hydroxypropanone) 217 223 213 203 183 186 130
Butanone, 1-hydroxy-2- 21 23 25 24 21 20 13
Butandione, 2,3-; ( Diacetyl) 49 64 82 76 80 76 58
Butenal-2-one, 3- 19 25 26 24 12 4.5 3.1
3-Pentanone 92 88 81 72 60 41 23
Cyclopenten-1-one, 2- 15 22 27 32 34 34 32
Cyclopenten-1-one, 2-hydroxy-2- 139 129 121 117 102 89 52
Cyclopenten-3-one, 2-hydroxy-1-methyl-1- 29 36 42 44 40 33 23
Furans
Furanone, 3(2H)- 13 16 17 17 17 15 9.3
Furanone, 2(5H)- 73 71 69 65 45 30 17
Furaldehyde, 2- 61 60 63 66 59 50 37
Furaldehyde, 5-(hydroxymethyl)-, 2- 11 12 10 9.4 7.2 7.2 5
2(3H)-Furanone, dihydro-4-hydroxy- 14 12 9.4 8.7 6.5 5.1 -
Furan-x-on, x,x-dihydro-x-methyl- 37 35 30 26 18 10 2.1
poss: 2-Hydroxy-gamma-butyrolactone 15 15 16 20 24 26 24
Lactone derivative 65 55 42 34 21 16 5
Pyrans
Pyran-4-one, 3-hydroxy-5,6-dihydro-, (4H)- 80 74 57 47 29 16 2.1
Pyran-4-one, 2-hydroxymethyl-5-hydroxy-2,3-dihydro-, 7.2 7.3 5.3 4.5 - - -
(4H)-
Sugars
Anhydro-3-D-arabinofuranose, 1,5- 36 33 32 26 17 12 7.6
Anhydro-3-D-xylofuranose, 1,5- 39 44 43 41 33 25 10
Anhydro-3-D-glucopyranose, 1,6-; (Levoglucosan) 44 61 59 59 55 47 26
Dianhydro-a-D-glucopyranose, 1,4:3,6- 13 12 13 12 9.7 8.3 5.6
Benzenes
poss: 1H-Indenol - - - - 4.1 6.3 7.5
Indene, 6-hydroxy-7-methoxy-, 1H- 2.8 5 71 10 5.5 - -
Indene, 6-hydroxy-7-methoxy-, 2H- 3 5.5 8 - 7.3 - -
Indene, 6-Hydroxy-5,7-dimethoxy-, 1H- - 53 5.8 5.3 2 - -
Catechols
Hydroquinone; (Benzene, 1,4-dihydroxy-) 9.1 9.1 8.8 9.7 9.3 13 10
Aromatic Aldehydes
Benzaldehyde, 2-hydroxy-; (Salicylaldehyd) 39 45 45 47 438 6.5 51
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Lignin derived Phenols
Phenol 26 32 34 35 43 53 71
Cresol, o- 5 12 8.4 10 18 22 24
Cresol, m- 55 66 75 94 10 15 16
Phenol, 4-ethyl- 47 62 7.7 11 15 21 25
Phenol, 4-vinyl- 283 305 298 306 282 290 235
Guaiacols (Methoxy phenols)
Guaiacol 51 56 56 45 25 11 5.9
Guaiacol, 4-methyl- 12 14 15 13 7.5 - -
Guaiacol, 4-vinyl- 178 193 194 161 89 35 -
Guaiacol, 4-allyl-; (Eugenol) - 59 5.8 55 3.9 - -
Vanillin 23 26 27 27 19 12 34
Coniferyl alcohol (trans) 15 16 18 - - - -
Phenylethanone, 4-hydroxy-3-methoxy-; (Acetoguajacone) 27 4 4.2 3.8 3 1.7 -
Coniferylaldehyde 5.8 51 47 41 29 - -
Syringols (Dimethoxy phenols)
Syringol 34 37 35 25 11 37 75
Syringol, 4-methyl- 7.5 10 9.6 8.3 5.6 5.1 -
Syringol, 4-vinyl- 29 31 29 22 10 3.1 -
Syringol, 4-allyl- - 49 5.1 3.9 2.3 - -
Syringol, 4-(1-propenyl)-, trans 22 24 22 15 6.6 1.9 -
Syringaldehyde 4.6 5.5 - 5.5 3.6 -
Acetosyringone 4.3 5.1 5.7 4.8 3.8 2.7 -
Syringylacetone 47 51 4.6 3.8 1.8 - -
Sinapaldehyde (trans) 5.6 5.1 3.9 - - - -
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Appendix 3A - Normalised area of pyrolysis products of treated and untreated samples.
Treated beech with
R.T. Chemical product Beech H.0 HCI CaCl, NaCl
4.51 Acrolein (2-Propenal) 170 191 135 148 133
4.71 Propanal-2-one; Methylglyoxal 276 307 187 300 248
5.96 Butandione, 2,3- (Diacetyl) 94 97 69 87 88
6.40 3-Pentanone 48 24 10 21 60
7.12 Acetaldehyde, hydroxy- 548 595 263 561 742
7.91 Butenal-2; Crotonaldehyde trans 56 51 23 48 48
8.17 Acetic acid 562 541 448 546 591
9.66 Acetol (Hydroxypropanone) 198 124 48 107 287
13.71  Ethyleneglycol 26 44 5 55 33
14.39 Propionaldehyde, 3-hydroxy 147 151 125 155 154
14.93 Furanone, 2(3H)- 45 37 21 29 39
16.60 Oxopropanoic acid methylester, 2- 134 90 9 73 116
16.65 Propanal 96 51 32 35 125
17.36  Furaldehyde, 2- 91 98 120 98 72
22.99 Cyclopentene-1-one, 2-hydroxy-2- 123 83 42 79 130
24.02 Furan-x-one, x,x-Dihydro-x-methyl- 49 51 45 49 44
25.94 Furanone, 2(5H)- 122 77 34 62 114
27.02 Pyran-4-one, 3-hydroxy-5,6-Dihydro-(4H)- 164 243 151 268 146
27.88 Cyclopenten-1-one, 2-hydroxy-3-methyl-2- 31 16 8 20 41
30.41  Guaiacol 37 29 29 32 46
34.26  5-(Hydroxymethyl)dihydro-2(3H)-furanone 52 40 17 23 54
41.10 Anhydro-R-D-arabinofuranose, 1,5- 3 9 20 10 3
41.65 Guaiacol, 4-vinyl- 61 52 47 52 69
43.40 Furaldehyde, 5-(hydroxymethyl)-2- 36 76 85 79 27
43.91 Syringol 78 43 52 52 106
44.99 Furanone, dihydro-4-hydroxy-2(3H)- 34 27 13 22 29
46.27 Pyran-4-one, 2-Hydroxymethyl-5-hydroxy-2,3-dihydro-, 46 138 202 132 31
47.63 (S4yl-r|i)ngol, 4-methyl 43 55 76 52 39
48.68 Indene, 6-Hydroxy-7-methoxy-1H- 54 36 33 31 28
49.09 Indene, 6-Hydroxy-7-methoxy-, 2H- 60 31 27 38 39
50.44 Phenylacetaldehyde, 4-hydroxy-3-methoxy- 28 31 41 29 23
(Homovanillin)
52.84 Syringol, 4-vinyl 133 99 86 106 171
56.81 Indene, 6-hydroxy-5,7-dimethoxy-1H- 59 33 33 36 29
57.12 Anhydro-R-D-glucopyranose (Levoglucosan) 228 633 2040 730 130
57.73  Syringol, 4-(1-Propenyl)- trans 88 88 83 92 17
58.71 Syringaldehyde 76 81 71 67 65
60.25 Homosyringaldehyde 23 32 43 28 23
61.89 Coniferyl alcohol trans 34 16 18 15
62.56 Coniferyl aldehyde 25 22 78 21 23
70.92 Sinapaldehyde 63 7 64 68 69
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Appendix 3B - Normalised area of pyrolysis products of treated and untreated samples.
Treated spruce with
R.T. Chemical product Spruce  HO HCI CaCl, NaCl
4.48 Acrolein (2-Propenal) 124 117 121 91 65
4.66 Methylglyoxal (Propanal-2-one) 179 199 175 224 149
5.91 Butandione, 2,3- (Diacetyl) 83 79 88 79 77
6.36 3-Pentanone 25 13 11 14 33
7.08 Acetaldehyde, hydroxy- 636 602 282 474 730
8.11 Acetic acid 164 139 135 159 194
9.61 Acetol (Hydroxypropanone) 157 98 48 92 293
10.84 Ethene, 1,2-dihydroxy- 19 21 13 16 10
13.13 2-Propenoic acid, 2-hydroxyethyl ester 26 25 15 22 23
14.34 Propionaldehyde, 3-hydroxy 88 78 43 72 85
14.89 Butenal-2-one, 3- 32 24 24 20 38
14.99 Furanone, 2(3H)- 56 25 12 13 64
15.65 Furanone, 3(2H) 17 15 33 20 18
16.56 Prob. Oxopropanoic acid methylester, 2- 128 71 15 69 115
16.60 Propanal 70 44 34 33 136
17.32 Furaldehyde, 2- 61 64 92 68 50
22.95 Cyclopentene-1-one, 2-hydroxy-2- 99 70 50 74 147
23.98 Furan-x-one, x,x-dihydro-x-methyl- 38 29 25 34 39
25.90 Furanone, 2(5H)- 91 53 47 50 120
26.96 Pyran-4-one, 3-hydroxy-5,6-Dihydro-(4H)- 88 110 97 116 47
27.84 Cyclopenten-1-one, 2-hydroxy-3-methyl-2- 18 14 12 24 40
29.77 Phenol 16 14 19 18 20
30.39 Guaiacol 86 65 67 79 145
35.28 Guaiacol, 4-methyl 97 107 139 122 80
41.10 Anhydro-R-D-arabinofuranose, 1,5- 15 19 25 20 10
41.65 Guaiacol, 4-vinyl- 135 113 110 125 182
43.41 Furaldehyde, 5-(hydroxymethyl)-2- 89 117 101 104 43
46.30 Pyran-4-one, 2-Hydroxymethyl-5-hydroxy-2,3-dihydro-, 118 197 152 101 33
47.26 ((gllj-la)iacol, 4-propenyl- ; (Isoeugenol) trans 112 107 104 136 123
48.09 Vanillin 77 74 59 51 53
48.68 Indene, 6-Hydroxy-7-methoxy-1H- 46 38 47 44 32
49.09 Indene, 6-Hydroxy-7-methoxy-, 2H- 45 35 47 40 38
50.45 Phenylacetaldehyde, 4-hydroxy-3-methoxy- 37 42 39 29 29
(Homovanillin)
57.24  Anhydro-R-D-glucopyranose (Levoglucosan) 331 602 1267 743 118
58.95 Coniferyl alcohol (cis) 23 9 10 8 35
61.93 Coniferyl alcohol trans 145 73 39 43 210
62.60 Coniferyl aldehyde 104 89 102 77 100
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Appendix 3C - Normalised area of pyrolysis products of treated and untreated samples.
Treated iroko with

R.T. Chemical product iroko  H,O HClI CaCly NaCl
4.46 Acrolein (2-Propenal) 41 90 80 64 44
4.66 Propanal-2-one; Methylglyoxal 101 143 135 145 116
5.92 Butandione, 2,3- (Diacetyl) 60 66 66 40 65
6.33 3-Pentanone 40 28 15 16 36
7.06 Acetaldehyde, hydroxy- 357 435 358 417 398
7.85 Butenal-2; Crotonaldehyde trans 18 31 23 0 21
8.10 Acetic acid 247 224 206 223 249
9.61 Acetol (Hydroxypropanone) 209 137 76 107 209
13.48  1,5-Heptadiene, 2,6-dimethyl- 51 56 61 63 54
13.65  Ethyleneglycol 24 44 24 46 30
14.09  Butanone, 1-hydroxy-2- 20 12 6 9 17
14.33 Propionaldehyde, 3-hydroxy 53 75 59 70 64
14.89  Furanone, 2(3H)- 21 21 21 16 0
14.99  Butenal-2-one, 3- 26 21 14 13 28
16.54 Oxopropanoic acid methylester, 2- 62 90 60 66 66
16.60  Butandial or Propanal 119 55 46 36 99
17.32  Furaldehyde, 2- 42 54 73 51 43
21.80  Cyclopentene-1,4-dione, 2- 17 16 15 14 17
22.96  Cyclopentene-1-one, 2-hydroxy-2- 107 85 55 73 95
23.98 Furan-x-one, x,x-Dihydro-x-methyl- 21 31 31 28 23
25.89  Furanone, 2(5H)- 76 62 49 42 77
26.95 Pyran-4-one, 3-hydroxy-5,6-Dihydro-(4H)- 29 119 191 171 47
27.84  Cyclopenten-1-one, 2-hydroxy-3-methyl-2- 44 28 14 28 43
29.77  Phenol 27 19 19 20 26
30.39  Guaiacol 99 60 58 55 99
34.24  (S)-(+)-2',3'-Dideoxyribonolactone 21 20 21 13 17
35.27 Guaiacol, 4-methyl 39 62 87 64 45
41.65  Guaiacol, 4-vinyl- 162 133 119 127 169
41.78  Phenol, 4-vinyl 0 80 61 74 79
43.90  Syringol 62 35 32 28 65
4499  Guaiacol, 4-propenyl-; (Isoeugenol) cis 22 29 26 23 25
47.26  Guaiacol, 4-propenyl- ; (Isoeugenol) trans 83 95 77 97 91
47.62  Syringol, 4-methyl 30 44 57 42 33
49.73  Resorcinol 55 56 54 50 49
52.84  Syringol, 4-vinyl 133 102 80 97 145
53.46  Syringol, 4-allyl- 21 22 21 20 22
57.07  Anhydro-B-D-glucopyranose (Levoglucosan) 51 247 451 311 60
57.73  Syringol, 4-(1-Propenyl)- trans 62 65 58 60 66
58.70  Syringaldehyde 19 27 24 20 21
61.92  Coniferyl alcohol trans 111 82 40 34 120
62.58  Coniferyl aldehyde 28 35 48 32 31
70.93  Sinapaldehyde 25 29 31 28 29
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Appendix 3D - Normalised area of pyrolysis products of treated and untreated samples.
Treated albizia with
R.T. Chemical product Albizia H,O HCI CaCl, NaCl
4.52 Acrolein (2-Propenal) 102 126 115 121 115
4.72 Methylglyoxal (Propanal-2-one) 184 214 172 228 182
5.97 Butandione, 2,3- (Diacetyl) 76 79 66 78 78
6.40 3-Pentanone 80 36 14 28 67
7.12 Acetaldehyde, hydroxy- 377 446 259 343 333
8.17 Acetic acid 407 372 326 374 384
9.67 Acetol (Hydroxypropanone) 194 132 53 98 191
13.70  Ethyleneglycol 8 16 3 24 11
14.14 Butanone, 1-hydroxy-2- 19 7 4 6 16
14.38 Propionaldehyde, 3-hydroxy 71 89 75 95 80
14.93 Furanone, 2(3H)- 32 32 20 28 29
15.04 Butenal-2-one, 3- 21 23 6 7 19
16.59 Oxopropanoic acid methylester, 2- 89 89 14 68 73
16.66 Butandial or Propanal 150 78 34 39 120
17.36 Furaldehyde, 2- 64 69 91 84 66
23.00 Cyclopentene-1-one, 2-hydroxy-2- 132 91 47 86 113
24.02 Furan-x-one, x,x-Dihydro-x-methyl- 29 38 36 38 24
25.94 Furanone, 2(5H)- 108 87 39 66 93
27.01 Pyran-4-one, 3-hydroxy-5,6-Dihydro-(4H)- 103 193 195 209 85
27.88 Cyclopenten-1-one, 2-hydroxy-3-methyl-2- 36 18 8 24 39
29.79 Phenol 18 14 12 15 22
30.41 Guaiacol 90 53 54 56 94
34.28 (S)-(+)-2',3'-Dideoxyribonolactone 56 47 28 20 25
35.29 Guaiacol, 4-methyl 38 45 70 53 36
41.12 Anhydro-R-D-arabinofuranose, 1,5- 6 12 24 13 5
41.66 Guaiacol, 4-vinyl- 114 93 96 97 119
43.41 Furaldehyde, 5-(hydroxymethyl)-2- 17 38 65 45 13
43.91 Syringol 126 65 68 56 128
45.00 Furanone, dihydro-4-hydroxy-2(3H)- 32 35 17 26 27
46.26 Pyran-4-one, 2-Hydroxymethyl-5-hydroxy-2,3-dihydro-, 14 63 146 38 10
47.27 grra)iacol, 4-propenyl-; (Isoeugenol) cis 101 100 78 92 97
47.63 Syringol, 4-methyl 53 60 92 68 49
49.09 Indene, 6-Hydroxy-7-methoxy-, 2H- 40 29 25 37 47
52.85 Syringol, 4-vinyl 177 128 118 135 188
55.40 Syringol, 4-(1-Propenyl)- cis 26 22 23 26 25
57.13 Anhydro-}-D-glucopyranose (Levoglucosan) 121 324 1060 478 98
57.73 Syringol, 4-(1-Propenyl)- trans 127 114 118 126 121
58.70 Syringaldehyde 41 56 39 41 37
61.92 Coniferyl alcohol trans 115 83 34 36 64
70.93 Sinapaldehyde 58 58 57 58 42
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Appendix 3E - Normalised area of pyrolysis products of treated and untreated samples.
Treated corncob with

R.T. Chemical product Corncob H,O HCI CaCl, NaCl
4.51 Acrolein (2-Propenal) 103 138 114 130 121
4.71 Propanal-2-one; Methylglyoxal 307 383 325 397 330
5.97 Butandione, 2,3- (Diacetyl) 97 111 89 93 101
6.39 3-Pentanone 108 81 15 25 81
7.13 Acetaldehyde, hydroxy- 557 556 369 593 603
8.17 Acetic acid 383 361 299 321 378
9.68 Acetol (Hydroxypropanone) 317 246 78 140 311
10.89 Ethene, 1,2-dihydroxy- 11 18 14 18 13
13.71 Ethyleneglycol 9 17 6 39 17
14.38 Propionaldehyde, 3-hydroxy 77 90 70 98 87
15.03 Butenal-2-one, 3- 24 27 8 14 26
15.69 Furanone, 3(2H) 20 28 50 31 22
15.96 Furaldehyde, 3- 10 12 12 17 12
16.59 poss: Oxopropanoic acid methylester, 2- 103 130 28 92 99
16.66 Propanal 170 114 36 37 125
17.36  Furaldehyde, 2- 83 98 209 127 85
19.95 Acetyloxypropane-2-one, 1- 22 21 8 14 21
20.41 Butanone, 2- derivative 23 18 4 6 18
23.01 Cyclopentene-1-one, 2-hydroxy-2- 183 150 64 94 156
24.02 Furan-x-one, x,x-Dihydro-x-methyl- 38 51 48 44 39
24.43 Furaldehyde, 5-methyl-2- 9 12 17 16 10
25.93 Furanone, 2(5H)- 110 115 44 62 104
27.00 Pyran-4-one, 3-hydroxy-5,6-Dihydro-(4H)- 89 192 348 400 127
27.88 Cyclopenten-1-one, 2-hydroxy-3-methyl-2- 56 39 10 25 51
29.78 Phenol 47 33 22 24 41
30.41 Guaiacol 69 51 36 40 63
34.27 5-(Hydroxymethyl)dihydro-2(3H)-furanone 56 56 19 20 43
35.28 Guaiacol, 4-methyl 18 21 26 20 17
41.14 Anhydro-R-D-arabinofuranose, 1,5- 38 46 117 88 41
41.67 Guaiacol, 4-vinyl- 257 284 250 288 284
41.79 Phenol, 4-vinyl 409 417 302 394 426
43.41 Furaldehyde, 5-(hydroxymethyl)-2- 15 28 93 55 18
43.90 Syringol 47 33 13 14 44
44.99 Furanone, dihydro-4-hydroxy-2(3H)- 15 23 12 18 16
47.32  Anhydro-R-D-xylofuranose, 1,5- 38 61 264 120 41
47.62 Syringol, 4-methyl 11 13 19 12 11
52.47 Benzaldehyde, 4-hydroxy- 9 10 7 11 10
52.83 Syringol, 4-vinyl 41 33 22 30 41
57.09 Anhydro-R-D-glucopyranose (Levoglucosan) 75 196 972 418 83
62.55 Coniferyl aldehyde 8 10 18 9 8
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Appendix 3E — Ratios of peak areas of catalysed and untreated samples of major volatile

products
Weight normalised peak area ratio
Assigned R.T. Components FCC SN27 MSN MSM- HZSM- HZSM-
no 15 5-28 5-80
3 5.95 Butandione, 2,3- (Diacetyl) 1.2 1.4 1.1 0.9 1.1 1.7
4 6.40 3-Pentanone 0.6 0.7 0.8 0.3 0.5 0.9
5 7.11 Acetaldehyde, hydroxy- 0.9 0.8 1.0 0.6 0.8 0.6
6 7.92 Butenal-2; Crotonaldehyde trans 1.0 1.6 1.3 0.9 1.0 1.0
7 8.18 Acetic acid 1.0 0.9 0.9 0.9 0.8 0.9
10 9.67 Acetol (Hydroxypropanone) 0.5 0.7 0.7 0.3 0.4 0.5
17 14.41 Propionaldehyde, 3-hydroxy 1.0 1.0 1.0 0.9 0.9 0.9
19 14.95 Furanone, 2(3H)- 1.0 0.9 11 0.7 0.7 0.6
20 15.05 Butenal-2-one, 3- 0.7 0.8 0.8 0.2 0.3 0.2
22 15.98 Furaldehyde, 3- 1.6 1.4 1.3 1.6 1.6 24
26 17.38 Furaldehyde, 2- 24 1.8 1.2 1.6 1.5 4.2
29 21.87 2-Cyclopentene-1,4-dione 1.5 1.5 1.2 1.2 1.3 2.5
31 23.03 Cyclopentene-1-one, 2-hydroxy-2- 0.7 0.7 0.8 0.5 0.6 0.6
32 24.05 Furan-x-one, x,x-Dihydro-x-methyl- 1.3 1.0 1.2 1.1 1.0 0.5
35 25.97 Furanone, 2(5H)- 0.8 1.0 1.2 0.7 0.8 0.7
39 27.04 Pyran-4-one, 3-hydroxy-5,6-Dihydro- 1.6 1.6 1.5 2.1 2.0 14
40 27.91 gyl/;lz)lopenten-1-one, 2-hydroxy-3-methyl- 0.6 0.5 0.6 0.3 0.4 0.3
41 28.15 g’yran—2—one, 3,4-Dihydro-6-methyl-2H- 1.2 1.7 1.5 21 24 1.4
43 30.44 Guaiacol 1.0 0.9 0.9 1.1 1.1 1.0
51 39.38 unknown carbohydrate 3.7 20 2.2 3.9 3.7 3.1
56 41.69 Guaiacol, 4-vinyl- 0.9 0.9 0.9 0.8 0.9 0.9
59 43.94 Syringol 0.9 0.9 0.8 0.8 1.0 0.8
61 45.03 Furanone, dihydro-4-hydroxy-2(3H)- 1.0 0.9 0.9 0.6 0.7 0.5
63 47.30 Guaiacol, 4-propenyl- ; (Isoeugenol) 1.4 1.1 1.2 0.7 0.8 1.2
64 47.50 Xi?\?/dro-B-D-xonfuranose, 1,5- 2.2 1.0 1.0 8.3 8.3 21
65 47.66 Syringol, 4-methyl 1.4 1.1 1.2 1.5 1.4 1.3
68 48.72 Indene, 6-Hydroxy-7-methoxy-1H- 1.9 1.1 0.9 1.3 1.1 1.9
69 49.12 Indene, 6-Hydroxy-7-methoxy-, 2H- 1.7 1.0 0.9 1.1 1.1 1.5
72 52.87 Syringol, 4-vinyl 0.8 0.9 0.9 0.8 0.8 0.9
73 53.49 Syringol, 4-allyl- 1.0 1.0 1.1 1.1 1.2 1.0
75 56.83 Indene, 6-hydroxy-5,7-dimethoxy-1H- 21 1.1 1.1 1.8 1.6 2.7
76 57.17 Anhydro-3-D-glucopyranose 3.7 1.9 21 7.9 6.7 5.7
(Levoglucosan)

77 57.76 Syringol, 4-(1-Propenyl)- trans 1.1 1.0 11 1.2 1.2 1.0
78 58.74 Syringaldehyde 1.0 1.1 11 1.0 1.1 1.0
81 61.07 Acetosyringone 0.9 1.1 1.0 0.8 0.9 0.9
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Five biomasses spruce (Picea abies L.), beech (Fagus sylvatica L.), iroko (Chlophora excelsa L.), albizia
(Albizia adianthifolia L.), and corncob (Zea mays ssp.) have been subjected to analytical pyrolysis (Py-GC/
MS) and bench-scale pyrolysis with a fluidized bed reactor at 470 °C. The comparison of Py-GC/MS and
bench scale results revealed only small differences in the relative concentration of single products mainly
acetic acid, hydroxyacetaldehyde, hydroxypropanone, and lignin-derived guaiacyl and syringyl compo-
nents. For European woods, organic oil yields were approximately 57%, whereas African biomasses
yielded between 41 and 48% because of their higher mineral contents. The analysis of bio-oil composition
revealed no significant differences between African and European biomasses. Acetic acid, hydroxyace-
taldehyde, hydroxypropanone, and levoglucosan were found to be the largest individual components in the
volatiles. Bio-oil from corncob, having the lowest lignin content contained high concentration of 4-vinyl-
phenol, a lignin derived product. This implied that the degradation products largely depend on the
constituents’ structure of the biomass. The higher heating value of all bio-oils ranged 16—17 MJ/kg.

Introduction

The evident global awareness of environmental conse-
quences of petroleum, the major energy source, is promoting
the search for renewable energy sources. Consequently, pro-
duction of renewable fuels from lignocellulosic biomass
through various thermochemical conversion processes,
namely, pyrolysis, gasification and direct liquefaction have
gained prominence in the last three decades.' >

Fast pyrolysis is a rapid heating method employed in
converting biomass and organic residues to bio-oil, gas and
char.? Depending on the operating temperature, pressure and
other parameters, such as heating rate and vapor residence
time, the quantity of these products in a conversion process
can be regulated to favor the desired product.*’” Up to 78% of
organic rich liquid has been reported between operating
temperature of 450 and 600 °C, while temperature above

*To whom correspondence should be addressed. E-mail: dietrich.
meier(@vti.bund.de. Telephone: +49 40 73962 517. Fax: +49 40 73962
599.
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700 °C principally produces noncondensable gases.®*'" The
organic liquid (bio-oil) is a mixture of hundreds of organic
compounds whose exact chemical and physical properties
depend on the nature and composition of the original bio-
mass, and the method and condition of production. Gene-
rally, bio-oil is a dark brown complex viscous organic and
highly oxygenated acidic mixture that is slightly denser than
water. Even though its mechanism of formation is not entirely
well understood, several researches have been carried out to
outline possible reaction mechanisms of formation.'' ™'

Bio-oil has a wide area of applications, as fuels in diesel
engines, boilers and turbines, and can equally serve as source
of numerous chemicals and polymers. The pyrolysis liquid
(bio-oil) can be refined to either improve its quality or to
obtain various chemical products.'*'>

Several investigations have been carried out to determine
the parametric influence of temperature, residence time,
catalyst, particle size, moisture content, and mineral content
on the yield and quality of organic liquid produced.!¢™2°
Optimal operational parameters however depend on the
pyrolysis unit. Fahmi et al.®® reported the effect of mineral
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content in biomasses on the quality of bio-oil. It was noted
that the ash content of raw materials does not only affect the
quantity of char and gas product but equally plays important
role in the quality of organic liquid yield. It has been noted
that the removal of ash and extractives in pretreatment step
prior to pyrolysis substantially improve the quality of bio-oil
in terms of molecular weight distribution and homogeneity.”'

With a yearly average of 30—50% global vegetation burn-
ing, Africa is ranked the world largest biomass burning
emission source.”>?* Biomass has been reported to represent
80% of the energetic resources in sub-Sahara Africa.** Nigeria
with an estimated 9 million hectares of forest area has been
reported to have over 80% (about 7 000000 m’/annum)
woody wastes. The estimation accounted for wastes emanat-
ing only from wood logging and sizing operations.*> Majority
of over 2000 saw mills in Nigeria have conversion efficiency
less than 60% owing to obsolete milling machines.”® Wastes
generated from these saw mills are considered uneconomical
and often set on fire. To sustain the breakthrough in green
energy development, Africa with huge agricultural and bio-
mass residue has a vital role to play as a viable source of raw
materials.

However, the lignocellulosic composition of biomasses is
often affected by the climatic factor and location of planta-
tion. These variations would invariably affect the physical and
chemical properties of bio-oil and other byproduct generated
from the pyrolysis of these biomasses. Most sub-Sahara
Africa plants have high extractives and ash contents due to
enormous abundance of soil minerals.”” To date, little or no
effort has been made in the pyrolysis of typical subtropic
forestry and agricultural wastes. Therefore, this paper focuses
on the fast pyrolysis of different biomasses sourced from sub-
Sahara Africa and Europe with a view to compare physico-
chemical properties of their liquid products using analytical
and laboratory scale fast pyrolysis methods.

Methods and Materials

Feedstocks. Five varieties of air-dried biomasses from Europe
and sub-Sahara Africa were used as feedstock for the experi-
ments. Beech (Fagus sylvatica L.) and spruce (Picea abies L.)
wood particles were obtained from J. Rettenmaier & Sohne
GmbH, Rosenberg, Germany. West African albizia (Albizia
adianthifolia L.) and iroko (Chlophora excelsa L.) sawdust and
corncob (Zea mays ssp.) were obtained from Omolayo sawmill
and Ajebamdele farm settlement, respectively, both located in
Ado-Ekiti, Nigeria, where such products are usually burnt off as
waste. The materials were ground to size <1 mm using Retsch
cutting mill SM 2000. The resulting samples were sieved through
750, 500, and 300 xm mesh on Retsch sieve shaker model AS 400
for 10 min. Fractions between 300 and 500 4m were collected
and stored in sealed polythene bags.

Feedstock Analyses. Physicochemical analyses of the materi-
als were carried out prior to pyrolysis to establish the influence
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of the biomass constituents on respective products. Moisture
contents of all feedstock were gravimetrically determined a day
before pyrolysis by drying in an oven at 105 °C for 12 h. Ash
contents were determined by heating the samples in a Heraeus
furnace at 520 °C for 6 h, cooled in desiccators before weighing.
The determination of volatile matter was carried out using a
thermogravimetric analyzer (TG 209 F1 Iris, NETZSCH,
Germany) in a nitrogen atmosphere. Approximately 10 mg of
sample was heated to 700 at 10 °C/min and held for 5 min. Fixed
carbon content was then calculated by difference. Samples of all
raw materials were successively Soxhlet-extracted using petro-
leum benzene, followed by acetone and 70% methanol in water.
Each extraction step lasted 12 h. Extract-free samples were used
for holocellulose and lignin content determinations. The results
of proximate and ultimate analyses are depicted in Table 1.

Holocellulose determination was performed using HPAEC-
borate. The prehydrolysis step was carried out by digesting
200 mg of milled extract free sample in 2 mL of 72% H,SO, in
a thermostat bath at 30 °C. The prehydrolysis was terminated
with distilled water after 1 h. Post hydrolysis was carried out at
120 °C under pressure and lasted 50 min using Systec VX-75
autoclave (Systec GmbH, Germany). The hydrolyzed sample
was made up to mark in 100 mL standard flask and allowed to
stand to cool. This was followed by filtration using 0.45 um
fritted-glass filter. The residue was dried at 105 °C and gravi-
metrically determined for condensed lignin, while an aliquot of
the supernatant was taken for the analysis of various wood
sugars on high-performance borate-complex anion-exchange
chromatography Ultimate 3000 (Dionex Corp.) equipped with
a 6.6 mm Omnifit bore column of 115 mm length. The column is
packed with strong anion exchange resin (MCI Gel CAO8F
(Mitsubishi) at 60 °C). The mobile phase was made of (A) 0.3 M
potassium borate buffer pH 9.2 and (B) 0.9 M potassium borate
buffer pH 9.2 a gradient elution of 0.7 mimin~' was used.
Separation commenced with 90% A and 10% B, following
sample injection with a 35 min linear gradient to 10% A and
90% B. The data acquisition lasted 47 min. Wood sugars were
quantified by after-column derivatization with Cu-bichinconi-
nate according to previous authors.?®

Klason lignin content was estimated as the residue left after
sulphuric acid digestion and subsequent hydrolysis of the
extract-free sample.”” Acid soluble lignin was measured on
UVIKON 943 UV/vis Spectrometer at 205 nm according to
TAPPI 1985b.%° The value obtained was added to that of the
residue to make up reported values.

The inorganic mineral components composition was deter-
mined using PerkinElmer ICP-OES (inductively coupled plasma
optical emission spectrometry) following the sample acid diges-
tion as follows: Approximately, 100 mg of finely milled sample
was digested with 2 mL 70% nitric acid on START 1500
Digestion Microwave (MLS GmbH, Germany). The machine
is equipped with a pressure controller, automatic turntable, and
closed PFA-line digestion vessels equipped with pressure relief
device. The digestion lasted 20 min at 170 °C and 3 bar. The
digested sample was then diluted with double distilled water
(dilution factor was 50). Prepared samples were measured for
Na, Mg, K, Ca. Fe, Mn, Cu, Al, and Zn.

Pyrolysis—GC/MS. Prior to pyrolysis, the samples were
milled using HERZOG Pulveriser HSM 100A grinding mill.
Approximately, 120 ug of fine-milled sample was weighed in
pyrolysis cup and introduced into the pyrolyzer through auto-
matic sampler. Pyrolysis was performed using a double shot
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Table 1. Component, Ultimate, and Proximate Analyses of Raw Materials

component analysis (wt.%)

beech spruce iroko albizia corn cob
extractives 2.4 2.9 8.2 6.2 2.8
Klason lignin 21.8 29.0 26.2 25.2 19.0
holocellulose 68.5 70.2 64.8 63.7 75.7
glucose 46.0 47.4 48.2 45.7 40.4
xylose 18.1 5.8 12.1 14.9 30.9
mannose 1.4 12.9 2.0 1.3 0.1
galactose 1.0 2.3 0.8 0.4 1.0
arabinose 0.5 0.2 0.2 2.8
rhamnose 0.5 0.2 0.5 0.3 0.1
cellobiose 0.1 0.0 0.0 0.1 0.1
4-O-methyl-glucuronic acid 1.0 0.8 0.9 0.9 0.4
ultimate analysis (moisture and ash free (maf.) wt. %)
beech spruce iroko albizia corn cob
carbon 46.9 48.3 439 46.4 43.6
hydrogen 6.2 6.3 5.3 5.8 5.8
nitrogen 0.3 0.4 0.4 0.6 0.7
oxygen” 459 44.6 46.9 45.5 48.6
HHV MJ/kg® 18.7 19.5 16.5 17.4 16.9
proximate analysis
ash content mf % 0.7 0.4 3.5 1.8 1.2
moisture content % 9.7 8.4 9.4 9.7 9.7
volatile matter mf % 85.9 83.5 70.4 72.7 80.6
fixed carbon mf % 13.4 16.1 26.1 25.5 18.2

“By difference. ” Calculated according to Boie’s equation.
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Figure 1. Fluidized bed pyrolysis unit.

Py-2020iD 2020 microfurnace pyrolyzer (Frontier Laboratories
Ltd.) mounted on an Agilent 6890 GC system. The machine is
equipped with a DB-1701 (Agilent J&W) fused-silica capillary
column (30 m x 0.25 mm i.d., 0.25 um film thickness) and an
Agilent 5973 mass selective detector (El at 70 eV, ion source temp
280 °C). Pyrolysis was carried out at 470 °C For separation with
GC, the oven temperature was held at 45 °C (4 min) and raised to
255at3°Cmin~ ' (70 min) using He as carrier gas (1 mL min ).
The compounds were identified using Mass Finder 4 by compar-
ing their mass spectra in NIST and home-developed libraries.
Fluidized-Bed Pyrolysis. A 300 g/h fluidized bed pyrolysis unit
at vTI, Hamburg, was employed for the pyrolysis of 250 g
feedstock (Figure 1). It consists of a feedstock feeding unit

2080
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(hopper, vibrator, and screw conveyor), insulated steel reactor
(41 mm i.d. and 305 mm height), cyclone with char collector,
condenser, electrostatic precipitator (EP), followed by a insu-
lated coil condenser, washer, and cotton wool filter. The con-
denser (7) was operated with ethanol at 2 °C, the second
condenser (9) was fit with a jacket and operated at —30 °C with
ethylene glycol, to further obtain condensable organic compo-
nents from the vapor emerging from the electrostatic precipi-
tator. The reactor was fitted with a temperature and heating
control system. The feedstock was continuously fed at about
250 g/h through vibrator agitated hose into vertically positioned
silica sand fluidized bed (grain size 300—500 um). Pyrolysis
was carried out at the predetermined optimum pyrolysis
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Table 2. Inorganic Constituents of Raw Materials (ppm Dry Basis)

Na Mg K Ca Fe Mn Cu Al Zn
beech 67.7 355.3 1207.8 1683.1 110.8 165.7 0.5 16.7 9.5
spruce 25.9 101.3 380.5 867.2 9.0 176.4 0.0 4.6 114
iroko 32.1 790.5 3879.8 8507.3 379.6 26.5 0.5 209.0 8.3
albizia 22.9 171.5 2703.2 3387.8 331.2 9.3 5.1 188.4 5.7
corn cob 29.3 404.7 5408.4 249.3 144.1 9.9 3.9 162.1 58.5

temperature of 465—470 °C and pressure drop of 80 mbar using
nitrogen as fluidizing gas. The reactor was preheated to 475 °C
prior to the commencement of the pyrolysis after which the
temperature was regulated to the desired temperature.

The biomass decomposed in the reactor to form a mixture of
vapors and char. The char was separated from the vapor in a
cyclone and collected below in a glass flask. The vapors were
rapidly quenched in the first condenser (7) and the remaining gas
was directed into the EP. The condensates from both the
condenser and the EP were combined and collected in a flask
to give bio-oil. Further, the gas passed into the jacketed coil
condenser to obtain condensable light products. The noncon-
densable gas was passed into vent. The condensers, reactor sand,
EP, and all product collectors were weighed before and after
pyrolysis to ensure accurate material balance. Duplicate trials
were carried out for each biomass. Mean values of bio-oil,
condensate and char yields from all products were calculated
and reported in Table 3. The gas yield was calculated by
percentage difference.

Bio-oil Analysis. The water content in bio-oils was determined
by Karl Fischer method according to ASTM D 1744 using
Schott Titro Line alpha. Hydranal Composite 2 (34806) was
automatically titrated against Hydranal methanol rapid (37817)
supplied by Riedel den Haén, Germany as described by previous
authors.?!

The acidity of the organic products was measured with WTW
hand-held meter (pH 3300i). The pH meter has an accuracy
of £+ 0.003.

The viscosity was determined according to DIN 51562 (part 1
and 2) in an automatic capillary viscosimeter (AVS 350) equipped
with a Schott constant temperature bath (CT 1650) The measure-
ment were carried out with U-viscosimeter at 20 and 40 °C.

The elemental analyses of carbon, hydrogen and nitrogen
were measured with a CE Instruments CHNS Flash 1112
Analyzer using complete oxidation method. Oxygen was deter-
mined by percentage difference. The higher heating values
(HHV) of the bio-oil were determined using IKA C2000 basic
bomb calorimeter at the laboratory of process engineering,
Hamburg University of Applied Sciences according to ASTM
D2015.

For the determination of the oil solid content, 3 g of oil was
dissolved in 100 mL acetone and the solution was quantitatively
filtered through a Whatman nuclepore Track-Etch membrane
with a pore size of 0.1 um. The residual mass was gravimetrically
determined.

The precipitation of the pyrolytic lignin (PL) in various bio-
oil samples was carried out according to the method of Scholze
and Meier.*> Twenty-five milliliters of deionized water was
vigorously agitated using Disperser T 18 Basic Ultra-Turrax
at 5000 rpm. Approximately, 250 uL of bio-oil was added in
dropwise and the suspension was filtered, thoroughly rinsed and
vacuum-dried at 35 °C. The PL fraction was then gravimetri-
cally determined.

The chemical composition of bio-oils was analyzed on Agilent
HP 6890 fitted with both FID and HP 5972 MS systems. A
weighed amount of oil sample was diluted with acetone
(approximately 1:10 on dry basis) including a known amount
of fluoranthene used as internal standard. One microliter of the
prepared sample was injected (split ratio 15:1) at 250 °C on a

(31) Oasmaa, A.; Meier, D. J. Anal. Appl. Pyrolysis 2005, 73,323-334.
(32) Scholze, B.; Meier, D. J. Anal. Appl. Pyrolysis 2001, 60, 41-54.
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60m x 0.25mm Varian Factor Four fused silica column made of
14% cyanopropyl-phenyl-methylpolysiloxane (1701) with film
thickness of 0.25 um. The oven was held at 45 °C for 4 min
subsequently raised to 280 °C with heating rate of 4 °C/min and
then held for 20 min. The carrier gas was helium with a constant
flow of 2mL min . Electron impact mass spectra were obtained
using 70 eV ionization energy and an ion source temperature
of 280 °C. The analyzed components were identified with
Mass Finder 4 by comparing mass spectra and Kovat’s
indices of components using mass spectra from NIST and
home-developed libraries.

Results and Discussion

Characterization of Ligno-cellulosic Raw Materials. The
results of raw materials analyses are presented in Table 1.
The tropical African woody biomasses were found to be
richer in extractives than European woods. These extractives
are made up of phenolic compounds, terpenes, aliphatic
acids, chinones and alcohols. High content of these compo-
nents often results in low polyoses content in wood.?’ This is
evident in low hemicelluloses contents found in iroko and
albizia in comparison to those found in European hard- and
softwoods. The analysis of the extractives is beyond the
scope of this work.

Spruce has the highest HHV with 19.5 MJ/kg. Corncob
was the richest of all samples in terms of hemicelluloses
content. In contrast to wood, the high polyoses content in the
corncob mainly consist of xylose and arabinose. Xylose and
mannose are the main hemicelluloses in beech, iroko, and
albizia, while mannose constitutes the main component of
hemicelluloses in spruce. The cellulose content estimated
from the sugar analysis according to Fengel®’ rough estima-
tion ranged between 40.7 and 47.2%. The overall result
largely tallied with earlier findings on the chemical compo-
sition of these ligno-cellulose.>”->*

Result of the inorganic components in all samples in
Table 2 indicates that the three selected African samples
were found to be considerably richer in potassium and
calcium than the two other European samples. These metals
constitute the main inorganic component in all samples.

Bio-oil Production. The operational conditions for dupli-
cate trials of each of the five raw materials were fairly
constant with relatively similar feedstock feeding rate and
pyrolysis temperature between 465 and 470 °C. This tem-
perature range had been found optimal for most biomasses
previously pyrolyzed in the reactor.*** Each pyrolysis
experiment lasted approximately 60 min in order to obtain
sufficient homogeneous products. The minimum parametric
difference manifested no significance in the results.

Two liquid streams were collected from the pyrolysis
namely, bio-oil from condenser/EP (7, 8) and condensate

(33) Donnelly, B. J.; Helm, J. L.; Lee, H. A. Cereal Chem. 1973, 50,
548-552.

(34) Bayerbach, R.; Nguyen, V. D.; Schurr, U.; Meier, D. J. Anal.
Appl. Pyrolysis 2006, 77, 95-101.

(35) Bayerbach, R.; Meier, D. J. Anal. Appl. Pyrolysis 2009, 85, 98—
107.
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Table 3. Mass Balance of the Fast Pyrolysis of Biomasses”
beech spruce iroko albizia corn cob

reactor temperature 465—470 °C 465—470 °C 465—470 °C 465—470 °C 465—470 °C
total liquid product wt % 70.1 69.9 56.4 61.4 61.3

bio oil wt % 62.7 62.7 50.6 54.7 56.2
condensate wt % 7.4 7.3 5.8 6.7 5.1
organic’mf wt % 57.5 57.1 40.4 47.6 43.9

gas‘ 22.6 23.0 23.1 243 27.2

char daf % 10.2 10.1 22.8 16.6 14.7
pyrolytic water wt % 9.7 9.8 13.3 11.2 14.0
biomass-to-volatiles wt % 88.7 86.7 71.5 83.3 83.6

“Mean values of duplicate pyrolysis trials. ” Organic = bio-oil + condensate — (water content of bio oil 4 water content of condensate). * Percentage

by difference based on wet weight.

from second condenser (9). Mass balance was established to
evaluate the performance of the pyrolysis unit. Individual
hardware components of the pyrolysis unit were weighed
before and after each trial. The adhered oil and trapped char
in condensers were removed with ethanol. Each fraction was
gravimetrically determined and subsequently added to main
products. The results of mass balance (by weight) are pre-
sented in Table 3. Mean values of duplicate trials are
reported. The total liquid products from the raw material
ranged 61—70%. The results revealed an inverse relationship
between liquid yield and ash content in pyrolysis as noted by
previous authors.?® Beech and spruce exhibit the highest
conversion with 88.7 and 86.7 wt. % respectively. They both
had approximately 70 wt. % total liquid product with
moderate char (10%) and noncondensable gases (~23%).
Iroko has the least organic and highest char yield with 40.4
and 22.8 wt. % respectively.

Pyrolytic water (PW) represents the additional water
fraction resulting mainly from dehyadration of the polyoses.
PW was estimated by subtracting the moisture content of the
raw material from the water content of the whole liquid pro-
duct. Corncob yielded the highest amount of PW (14 wt %)
possibly because of its very high content of polyoses com-
pared to other feedstocks (see Table 1).

Characterization of Bio-oil. The results of various physi-
cochemical analyses are presented in Table 4. Water contents
of all samples were similarly related to their PW contents
with 22% and 32.3% found in spruce and iroko respectively.
In terms of elemental analysis, results revealed that all the
biomasses produced similar bio-oil quality. Bio-oils are
known to be highly oxygenated liquids. Spruce and albizia
were found richest in carbon content (~42%) as similarly
explicated by their higher heating values, indicating an
improvement in all bio-oil over their respective raw material
excluding the water content. Bio-oils obtained from all
biomass gave a one-phase liquid but iroko contained
slightly higher polymeric constituents probably owing to
the nature of its lignin structure or extractive content (see
Table 1), which impaired an accurate determination of its
viscosity.

GC/MS of Bio-oil. GC/MS was employed to identify
and quantify the GC-detectable compounds in the bio-oils.
Approximately 75% of the peak total area in each chroma-
togram, neglecting the solvent peak, was identified and
quantified. The quantified fraction, representing 33—44 wt.
% dry basis of the whole bio-oil, was categorized into major
chemical classes namely: acids, nonaromatic aldehydes, non-
aromatic ketones, furans, pyrans, sugars, benzenes, cate-
chols, lignin derived phenols, guaiacols and syringols. The
residual fraction consists of water and oligomeric fractions
from decomposed carbohydrates and pyrolytic lignin that
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Table 4. Physicochemical Analyses of Bio-oil, Condensate, and Char

beech spruce iroko albizia corncob
bio-oil
water content % 22.2 22.0 32.3 25.1 32.2
viscosity (40 °C) ¢ST 15.2 14.8 - 57.1 6.7
pH 2.5 2.8 2.9 2.9 3.0
solid content % 0.2 0.1 0.2 0.2 0.1
lignin content % 15.0 15.4 14.1 12.2 8.5
carbon % 414 423 38.2 41.9 38.1
oxygen % 51.2 50.3 54.0 50.1 53.2
hydrogen % 7.1 7.2 7.5 7.4 8.0
nitrogen % 0.2 0.2 0.3 0.6 0.7
HHV MJ/kg 16.9 17.2 15.9 17.4 15.8
carbon mf. wt% 53.3 54.2 56.5 55.9 56.2
oxygen mf. wt% 20.7 19.8 8.5 14.9 7.7
hydrogen mf. wt% 6.0 6.1 5.8 6.2 6.6
nitrogen mf. wt% 0.3 0.3 0.4 0.8 1.0
HHV MJ/kg" 23.4 24.0 25.6 25.2 25.6
condensate
water content 64.2 66.3 76.6 70.4 74.3
carbon mf wt. % 40.4 44.51 46.0 37.2 42.7
char (maf wt. %)
carbon 73.6 72.9 68.4 70.4 67.7
oxygen” 6.3 12.8 15.3 15.8 9.2
hydrogen 34 3.3 34 3.1 3.2
nitrogen 0.2 0.2 0.2 0.4 0.5
HHV MJ/kg® 29.1 28.0 26.3 26.6 26.5

“ By difference. * Values calculated according to Boie’s equation.

can not be quantified with GC/MS.*** A summary of the
analyses is presented in Table 5 and Figure 2. The values
reported are mean values from duplicate analyses. Acetic
acid, hydroxyacetaldehyde and hydroxypropanone were
detected with highest concentrations in all products. Bio oil
from corncob was found to have the highest yield of hydro-
xypropane and most acidic. This observation can be directly
related to the amount of xylose present in corncob. The
acidity of corncob bio oil measured with pH meter was
slightly lower compared to others (see Table 4) owing to
the dilution caused by high volume of pyrolytic water in the
corncob bio oil, thereby reducing the hydrogen ion concen-
tration.

Xylose is the most abundant hemicellulose found in hard-
wood and one year plants. Its degradation during pyrolysis is
known to result in the production of acetic and propionic
acids, methanol, water, hydroxyl-1-propanone, hydroxyl-
1-butanone, and 2-furfuraldehyde.>*® The proportions of
these components in bio-oils largely reflect their hemicellu-
loses contents. Acetic acid is formed from the elimination of
acetyl groups in 4-methyl-3-acetyl-glucuronoxylan while
water results from dehydration reaction of the polyoses.

(36) Balat, M. Energy Sources, Part A 2008, 30, 649—659.
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Table 5. GC-Detectable Components in Bio-oils
weight percent (dry basis)
components beech spruce iroko albizia corn cob
acids 8.2 2.6 6.7 7.1 9.1
1. acetic acid 8.0 2.5 6.1 6.8 8.5
2 propionic acid 0.2 0.1 0.6 0.3 0.6
nonaromatic aldehydes 10.3 11.3 9.1 9.1 7.3
3. acetaldehyde, hydroxy- 7.9 9.8 7.0 6.7 5.1
4. propionaldehyde, 3-hydroxy 1.4 0.9 0.8 1.0 0.9
S. butandial or propanal 1.0 0.6 1.3 1.4 1.4
nonaromatic ketones 5.1 4.2 8.1 5.8 10.2
6. acetol (hydroxypropanone) 2.7 2.4 4.3 3.1 4.7
7. butanone, 1-hydroxy-2- 0.3 0.2 0.6 0.4 1.3
8. acetoin; hydroxy-2-butanone, 3- 0.1 0.1 0.1
9. propanone, acetyloxy-2- 0.1 0.1 0.1 0.1 0.3
10. cyclopentene-1-one, 2- 0.2 0.1 0.3 2 0.4
11. cyclopentene-1-one, 2,3-dimethyl-2- <0.0 0.1
12. cyclopentene-1-one, 2-methyl-2- <0.0 <0.0 0.1 0.1 0.2
13. cyclopentene-1-one, 3-methyl-2- <0.0 <0.0 0.1 <0.0 0.1
14. cyclopentene-1-one, 2-hydroxy-2- 1.2 0.9 1.4 1.2 1.9
15. cyclopentene-3-one, 2-hydroxy-1-methyl-1- 0.5 0.3 1.1 0.6 1.3
furans 2.4 2.5 2.8 2.7 33
16. furanone, 2(5H)- 0.6 0.5 0.7 0.6 0.6
17. furaldehyde, 2- 0.6 0.4 0.5 0.6 1.0
18. furaldehyde, 3- 0.1
19. furaldehyde, S5-methyl-2- 0.1 0.1 0.1 0.1
20. furaldehyde, 5-(hydroxymethyl)-, 2- 0.3
21. furan-2-one, 5-methyl-, (5H)- 0.1 <0.0 0.1 0.1 0.1
22. furan-2-one, 3-methyl-, (5H)- 0.1 0.1 0.1 0.1
23. furan-x-on, x,x-dihydro-x-methyl- 0.3 0.2 0.2 0.2 0.2
24. butyrolactone, y- 0.1 0.1 0.2 0.2 0.2
25. butyrolactone, 2-hydroxy-, y- 0.3 0.4 0.5 0.4 0.5
26. furan-2-one, 4-methyl-(5H)- 0.1 0.1 0.1 0.1 0.1
217. lactone derivative 0 0.3 0.3 0.5 0.4
28. lactone derivative 0.1 0.1
pyrans 1.9 1.8 0.7 1.2 1.3
29. maltol (pyran-4-one, 3-hydroxy-2-methyl-4 H-) 0.2 0.1 0.3
30. pyran-4-one, 3-hydroxy-5,6-dihydro-, (4H)- 1.5 0.9 0.5 1.0 0.9
31. pyran-4-one, 2-hydroxymethyl-5-hydroxy-2,3-dihydro-, (4H)- 0.3 0.9 0.1 0.1 0.1
sugars 33 5.3 2.3 2.6 34
32. anhydro-$-p-arabinofuranose, 1,5- 0.4
33. anhydro-f-p-xylofuranose, 1,5- 0.2 0.6
34, anhydro-$-p-glucopyranose, 1,6- (levoglucosan) 2.4 4.5 1.1 1.4 1.2
35. dianhydro-a-p-glucopyranose, 1,4:3,6- 0.2 0.1 0.3 0.2 0.4
36. anhydrosugar unknown 0.5 0.8 1.0 0.5 0.9
benzenes 0.1 0.1 0.1 0.1 0.1
37. toluene 0.1 0.1 0.1 0.1 0.1
catechols <0.0 <0.0 0.4 0.1 0.3
38. hydroquinone (benzene, 1,4-dihydroxy-) <0.0 0.3 0.1 0.2
39. benzenediol, methyl- 0.1 0.1 0.1
lignin-derived phenols 0.2 0.4 0.9 0.4 3.6
40. phenol <0.0 0.1 0.2 0.1 0.3
41. cresol, o- <0.0 0.1 0.1 <0.0 0.1
42. cresol, p- <0.0 <0.0 0.1 <0.0 0.1
43. cresol, m- <0.0 <0.0 0.1 <0.0 0.1
44. phenol, 2,4-dimethyl- 0.1 0.1 0.1 0.1 <0.0
45. phenol, 4-ethyl- <0.0 <0.0 0.3
46. phenol, ethyl-methyl- <0.0
47. phenol, 4-vinyl- 0.3 <0.0 2.5
48. benzaldehyde, 4-hydroxy- 0.1
49. benzaldehyde, hydroxy- 0.1 0.1 0.1 0.1 0.1
guaiacols (methoxy phenols) 1.4 4.0 4.0 2.7 3.5
50. guaiacol 0.2 0.4 0.8 0.5 0.5
S1. guaiacol, 4-methyl- 0.1 0.4 0.3 0.2 0.2
52. guaiacol, 4-ethyl- <0.0 0.1 0.1 0.1 0.2
53. guaiacol, 4-vinyl- 0.1 0.4 0.7 0.4 1.7
54. guaiacol, 4-allyl- (eugenol) 0 0.2 0.1 0.1 0.1
55. guaiacol, 4-propyl- <0.0 <0.0 <0.0 <0.0
56. guaiacol, 4-propenyl-cis (isoeugenol) 0.2 0.3 0.3 0.2 0.1
57. guaiacol, 4-propenyl-(trans) (isoeugenol) 0.2 0.5 0.6 0.4 0.2
8. vanillin 0.2 0.5 0.3 0.2 0.3
59. phenylacetaldehyde, 4-hydroxy-3-methoxy- (homovanillin) 0.1 0.3 0.2 0.1
60. dihydroconiferyl alcohol 0.1
61. coniferyl alcohol, isomer of 0.2 0.1 0.1
62. phenylethanone, 4-hydroxy-3-methoxy- (acetoguaiacone) 0.1 0.3 0.3 0.2 0.1
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Table 5. Continued

weight percent (dry basis)

components beech spruce iroko albizia corn cob

63. propioguaiacone 0.1
64. guaiacyl acetone <0.0 0.1 0.1 <0.0 0.1
65. coniferylaldehyde 0.1 0.2 0.2 0.2 <0.0

syringols (dimethoxy phenols) 3.0 <0.0 3.0 33 1.2
66. syringol 0.5 0.7 0.6 0.3
67. syringol, 4-methyl- 0.2 0.2 0.2 0.1
68. syringol, 4-ethyl- 0.1 0.1 0.1 <0.0
69. syringol, 4-vinyl- 0.3 0.5 0.5 0.2
70. syringol, 4-allyl- 0.1 0.2 0.1 0.1
71. syringol, 4-propyl- 0.1 0.1 0.1
72. syringol, 4-(1-propenyl)-, cis 0.1 0.1 0.1 0.1
73. syringol, 4-(1-propenyl)-, trans 0.3 0.3 0.4 0.2
74. syringaldehyde 0.3 0.2 0.3 <0.0
75. homosyringaldehyde 0.1 0.1 0.1
76. sinapyl alcohol, isomer of 0.1 0.1
77. acetosyringone 0.2 0.2 0.2 0.1
78. propiosyringone 0.1 0.1 <0.0
79. syringylacetone 0.1 0.1 0.1 <0.0
80. sinapaldehyde (trans) 0.5 0.3 0.5

total 36.3 32.7 38.7 35.7 44.0

120 W Beech i Spruce ® Iroko [ Albizia @ Corn cob

8.0

6.0

Dry weight %

DAY

4.0

2.0

S N N N R R N Nt R N R N S N

SR RN

hilll

e

0.0 .

Acids
Sugars

Pyrans

Furans
LD Phenols L
Guaiacols ;
Syringols ST
[

N. Ketones
Catechols

@
4]
o
ES
Z
©
S
<
z

Components

Figure 2. GC/MS detectable chemical classes in bio oil.

Bio-oil obtained from spruce was found to contain the
highest amount of hydroxyacetaldehyde and levoglucosan
which ranged between 7 and 11% and 1.2—4.5% (dry
weight), respectively. Both are main degradation products
formed from cellulose during pyrolysis and bio-oil can
contain up to 13 wt % of the former.>’** Noticeably, the
highest concentrations of these substances were however not
found in iroko, the richest in glucose content. High content
of potassium and calcium found in African biomasses is
suspected to be responsible for this disparity. These metals
induce glucose fragmentation rather than the depolymerisa-
tion of the cellulose polymer that predominates in their
absence. They also cause high char and low organic yield
especially, levoglucosan in pyrolysis.***°

Levoglucosan, the most important primary degradation
product of cellulose is formed from the depolymeriza-
tion reaction through transglycosylation which occurs at

(37) Shafizadeh, F. J. Anal. Appl. Pyrolysis 1982, 3, 283-305.

(38) Mullen, C. A.; Boateng, A. A. Energy Fuels 2008, 22, 2104-2109.

(39) Dobele, G.; Rossinskaja, G.; Diazbite, T.; Telysheva, G.; Meier,
D.; Faix, O. J. Anal. Appl. Pyrolysis 2005, 74, 401-405.

(40) Richards, G. N.; Zheng, G. C. J. Anal. Appl. Pyrolysis 1991, 21,
133-146.

temperature around 300 °C. Its further transformation
through fission and disproportionation ultimately leads
to the formation of furan and acids.*' The result revealed
that cleavage of various hemicelluloses unit from their
respective polysaccharides (depolymerisation) precedes de-
gradation reactions. As indicated in Table 1, the sum of
glucose from cellulose and hemicelluloses in spruce is higher
compared to similar content in hardwood, hence, the
largest quantity of levoglucosan in the softwood. 1,4:3,6-
Dianhydro-o-p-glucopyranose, another significant sugar
product in the obtained bio-oils, is a dehydrated form of
levoglucosan.

A large concentration of 4-vinyl-phenol was only found in
corncob bio-oil. This effect is related to the p-coumaryl
alcohol forms lignin found in one-year plants, whose degra-
dation probably produced the product. Similarly, this pro-
duct could have resulted from the degradation of ferulic acid;
a precursor in the manufacture of many aromatic com-
pounds in plant cell walls, which is largely found within the
lignin matrix of corncob.** It is can be deducted that the
lignin found in many plant is probably formed through
different pathways. Although no dimethoxy-phenol and
related products were detected in spruce wood the results
depicted in Table 5 indicated that highest concentration of
monomethoxy-phenols such as vanillin, isoeugenol, guaia-
col, etc., was found in spruce, the biomass with highest lignin
content. Albizia had the highest yield of dimethoxy fractions,
which include syringol, 4-(1-propenyl)-trans syringol, and
sinapaldehyde with 3.3 wt %. Two catechols, namely, hydro-
quinone and methylbenzenediol (0.1—0.3 wt. %) were other
lignin-derived products detected only in the African bio-
masses.

The result of GC/MS analysis of condensates (from con-
denser 9, Figure 1) is depicted in Figure 3. The result revealed
that this fraction was 2—3 times richer in volatile compounds
comprising nonaromatic alcohols, aldehydes, ketones,
methanol, hydroxyacetaldehyde, hydroxypropane, and
2-furaldehyde than the bio-oil. Concentrations of acetic

(41) Aho, A.; Kumar, N.; Eranen, K.; Holmbom, B.; Hupa, M.;
Salmi, T.; Murzin, D. Y. Int. J. Mol. Sci. 2008, 9, 1665-1675.

(42) Galletti, G. C.; Reeves, J. B.; Bocchini, P.; Muscarella, C. 1.
J. Agric. Food Chem. 1997, 45, 1715-1719.
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Figure 3. GC/MS detectable chemical classes in condensate.
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Figure 4. Chemical classes from PY-GC/MS experiments.

and propionic acids were even found to be up to 4 times
higher in the condensate. For chemical production, this
aqueous fraction would be desirable. In addition, the acidity
of pyrolysis oil can be reduced by careful control of pyrolysis
condensation temperatures.

Pyrolysis-GC/MS. The result of analytical pyrolysis car-
ried out is presented in Figure 4. A duplicate pyrolysis was
conducted for each raw material and the mean values of peak
area % were reported. In comparison to the bio-oils obtained
in the fluidized-bed reactor, smaller fractions of acids and
nonaromatic aldehydes and ketones were observed. In addi-
tion, higher concentrations of guaiacols and syringols repre-
senting 4—14 and 2—14 peak area %, respectively, were
found. Differences noted in the guaiacols and syringols
fractions from both pyrolysis units can be related to units’
configuration. For example the analytical pyrolysis unit is
air-tighter; capable of promoting the cleavage of a- and
p-aryl-alkyl-ether linkages in lignin constituents more effec-
tively thereby enhancing the degradation of lignin with
higher conversion that produces lesser charcoal than in
fluidized bed. The comparison of chromatograms obtained
from the GC/MS of bio-oil and corresponding PY-GC/MS
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Figure 5. Overlay of GC/MS chromatograms obtained from bio-oil
(below) and PY-GC/MS of beech: 1, acetaldehyde, hydroxy-; 2,
acetic acid; 3, acetol (hydroxypropanone); 4, propionaldehyde,
3-hydroxy; 5, prob. oxopropanoic acid methylester; 6, butandial;
7, furaldehyde, 2-; 8, cyclopentene-1-one, 2-hydroxy-2-; 9, fura-
none, 2(5H)-; 10, pyran-4-one, 3-hydroxy-5,6-dihydro-(4H)-; 11,
cyclopenten-1-one, 2-hydroxy-3-methyl-2-; 12, guaiacol; 13, (S)-
(+)-2/,3'-dideoxyribonolactone; 14, guaiacol, 4-methyl; 15, fura-
none, dihydro-4-hydroxy-2(3H)-; 16, dianhydro-mannopyranose,
1,4:3,6-; 17, guaiacol, 4-vinyl-; 18, syringol; 19, syringol, 4-methyl;
20, syringol, 4-vinyl; 21, anhydro-ss-p-glucopyranose (levogluco-
san); 22, syringol, 4-(1-propenyl)-trans; 23, syringaldehyde.

(see Figure 5) indicates no significant differences in the
quality but in the relative proportion of pyrolysis products.

Conclusions

This work has demonstrated the practicability of convert-
ing lignocellulosic agricultural wastes from sub-Saharan
Africa to bio-oil, which, in terms of quality, compared
favorably with similar liquid products (bio-oils) obtained
from European biomasses. The results revealed that the
pyrolysis of African hardwood biomasses resulted in lower
organic yield, but high pyrolytic water and char contents
compared to European biomasses. High content of mono-
valent potassium and divalent calcium in African biomasses
appeared to have promoted dehydration of holocellulose and
demethoxylation of lignin unit following pyrolysis. This effect
has resulted in the production of high pyrolytic water and char
contents and more catechols and phenols in their bio oils.
Pretreatment of African biomasses through washing to re-
move the ash content is an option that may be adopted to
improve the organic yield of these lignocellulosic materials.
The close agreement observed in the composition of the
volatile pyrolysis products from Py-GC/MS and bench-scale
pyrolysis makes the former a reliable online technique for
qualifying pyrolysis products and offers potential for the
study of their mechanisms of formation.
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The relative amounts of volatile products in individual biomass were largely influenced by pyrolysis tem-
perature and metal content. Most condensable volatile products attained maximum yield between 450 °C

{jf){gﬁredsioducts and 500°C. Nearly all lignin derived compounds decomposed to low molecular aromatic compounds at
Pyrolysalt)e high temperature (650-700°C) due to severe fragmentation of the aryl substituent. Improved yields
Lignin in aromatic products observed at high temperatures are related to lignin units of individual biomass.
Holocellulose The removal of exchangeable ions in the biomasses resulted in predominance of depolymerisation and
Levoglucosan dehydration reactions as favoured decomposition pathways for holocellulose. This is exemplified by the
Analytical pyrolysis reduction in yields of holocellulose-derived low molecular products and enhancement in the formation
Fragmentation of anhydrosugars and high molecular furan and pyran products. However, no preferential improvement
in the yield of affected volatile products was observed in African biomasses compared to European
biomasses as expected following the removal of the ions by the use of diluted acid and distilled water.
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1. Introduction ated with over dependence on petroleum. Among solutions so far

proffered is the use of biomass with net carbon emission of zero for

The search for alternative energy source has taken the centre fuel purpose and as raw material for generating green chemicals
stage in the last decade, in view of environmental problems associ- [1,2]. Fast pyrolysis is an effective method of converting biomass
in the absence of air to produce condensable volatiles, char and

mixtures of non-condensable gases. It has gained prominence as
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still facing some challenges in their bid to effectively replace hydro-
carbon fuels with organic liquids from biomass [5]. These arise from
lack of acumen of the conversion chemistry owing to its complexity
[6,7]. Meanwhile, to effectively study the viability of lignocelluloses
as a source of chemical production, we need good understanding
of the behaviour of various lignocelluloses under various pyrolytic
operating conditions such as temperature, heating rate, residence
time as well as the contributions of indigenous metal ions to
the emerging chemical species. This would in a way give us the
insight on how to optimise desired pyrolysates. It has been noted
that the distribution of chemical species in the complex mixture
depends on the nature of the biomass and the pyrolytic conditions
[8].

Studies on effects of temperature on pyrolysis products from
different lignocellulosic biomasses have been carried out with
a view to evaluate overall yields and chemical species in their
products through different thermo-chemical conversion methods
[9-11]. The optimum yield of condensable products has been
found between 400 and 550°C owing to effective degradation of
both polysaccharides and lignin moiety at high temperature [11].
Main components of biomass exhibit different thermal behaviours.
For instance, hemicelluloses and cellulose decompose at tempera-
tures between 220-315 °C and 300-500 °C, respectively. The lower
thermal stability of hemicelluloses has been attributed to xylose
and arabinose contents which are more prone to hydrolysis and
dehydration reaction than the hexoses [12]. The decomposition
of holocellulose begins with dehydration and condensation reac-
tions, leading to the formation of water, weak acids CO, CO, and
numerous organic products at low temperature. Fragmentation and
rearrangement reactions predominate at high temperature ranges
[13]. Shafizadeh and Fu [13] have noted that pyrolysis at tem-
perature above 350°C induces the cleavage of glycosidic bonds in
cellulose. The depolymerisation process is followed by anhydro-
sugar formation through transglycosylation. Even though lignin is
known to be thermally stable, it begins to undergo exothermic
decomposition at temperature as low as 200°C and the thermal
degradation continues up to 900°C [14]. The pyrolysis of indi-
vidual wood components has helped in explaining their thermal
behaviour. However, the thermo-chemical behaviour of biomass
during the pyrolysis cannot be summed entirely as aggregate of
individual major components because of synergetic effect among
different components and other factor such as the degree of poly-
merisation of cellulose [15,16].

Indigenous metal ions in wood play significant roles in the
formation of volatile compounds during the pyrolysis of biomass
[17]. They promote the formation of char, water and gases at the
expense of condensable organic products during pyrolysis [18].
Their removal alters the mechanism of formation of volatiles among
all major components of wood [19]. A high yield of anhydrosugars
has been reported in the volatile product composition following
the removal of indigenous metal ions in biomass [20]. However,
Kleen and Gellerstedt [19] noted in their work that the nature of the
metal ion plays an important role. While calcium ion promotes the
formation of anhydrosugar, sodium on the other hand suppresses
the transglycosylation reaction and promotes demethoxylation and
dehydration reactions in lignocellulosic materials.

As previously mentioned, the effects of temperature and metal
ions on pyrolysis yields of various biomasses are well documented.
However, there are scanty reports on how the temperature affects
the production of individual chemical species in condensable
organic products obtained from fast pyrolysis. Also, variations in
the physicochemical properties of biomasses based on their origin
have been noted to influence their pyrolytic products [21]. There-
fore, this work is committed to elucidating the role of temperature
and the influence of biomass type on the chemical composition of
pyrolysis volatile products.

Table 1
Components analysis of raw materials.

Component analysis (wt.%)

Beech Spruce Iroko Albizia Corn cob
Extractives 2.4 29 8.2 6.2 2.8
Klason lignin 21.8 29.0 26.2 25.2 19.0
Holocellulose 68.5 70.2 64.8 63.7 75.7
Glucose 46.0 47.4 48.2 45.7 40.4
Xylose 18.1 5.8 12.1 149 30.9
Mannose 14 12.9 2.0 1.3 0.1
Galactose 1.0 2.3 0.8 0.4 1.0
Arabinose 0.5 1.0 0.2 0.2 2.8
Others 1.6 1.0 1.4 1.3 0.6
Glucose 46.0 47.4 48.2 45.7 40.4

Azeez et al. [21].

2. Methods and materials
2.1. Feedstocks

Five varieties of biomasses from Europe and Sub-Sahara Africa
were selected for the experiment namely; beech (Fagus sylvatica L.)
and spruce (Picea abies L.) wood particles (obtained from J. Retten-
maier & S6hne GmbH, Rosenberg, Germany), West African albizia
(Albizia adianthifolia) and iroko (Chlophora excelsa) sawdust and
corncob (Zea mays ssp.) which were respectively obtained from
Omolayo sawmill and Ajebamidele farm settlement both in Ado-
Ekiti, Nigeria. Prior to analysis and pyrolysis, the samples were
milled using HERZOG Pulveriser HSM 100A grinding mill. Chem-
ical composition of feedstock as carried out by Azeez et al. [21] is
depicted in Table 1.

2.2. Sample washing

Approximately 50 mg of milled sample was weighed into cen-
trifuge micro-tubes (Eppendorf) and 1ml of washing solution
(distilled water or 0.1 M HCl) was introduced. The mixture was
allowed to stand for 15min with intermittent vigorous shaking
using test tube shaker. The supernatant was gently decanted fol-
lowing 10 min centrifugation in a Sorvall RC-5C Plus Superspeed
Centrifuge at 10,000 rpm and 20°C. The sample was then rinsed
with 1ml of distilled water using the same procedure outlined
above. The treated samples and untreated samples were dried over
P,05 in a vacuum-oven at 30°C for 6 h.

2.3. Pyrolysis - GG/MS

Approximately 80pug of fine-milled sample was weighed
in pyrolysis cup and introduced into Py-2020iD micro-furnace
pyrolyzer (Frontier Laboratories Ltd.). The pyrolyzer was mounted
on an Agilent 6890 GC system. Pyrolysis of samples was car-
ried out at temperatures between 300°C and 700°C with an
interval of 50°C. The cup fell into the preheated furnace set
at the desired temperature and the sample was rapidly pyrol-
ysed within 12s. The pyrolysis vapour was flushed with helium
gas into the GC. The GC is fitted with a DB-1701 (Agilent J&W)
fused-silica capillary column (60 m x 0.25mm i.d., 0.25 pum film
thicknesses), flame ionization detector and an Agilent 5973 mass
selective detector (EI at 70eV, ion source temperature 280°C).
For effective separation of the components, the oven tempera-
ture was held at 45°C (4 min) and raised to 255°C at 3°Cmin~!
(70 min) using He as carrier gas (1mlmin—'). A duplicate trial
was carried out for each analysis. With few discrepancies among
components with low yield, duplicate values showed high repro-
ducibility with relative standard deviations ranging between 0.3
and 10% for the most identified components. Mean values of
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Fig. 1. PCA scores and correlation loadings of Py-GC/MS data from five different
lignocellulosic samples.

duplicate peak areas were obtained and used for the evalua-
tion.

2.4. Data treatment

Volatile components were identified using Mass Finder 4 by
matching their mass spectra with those in NIST and home-
developed libraries. MS signals were only used for identification
and the peak areas in FID signal were used for quantification.
Each peak area was normalised by the amount of sample used.
All samples at 500°C were also quantified using home developed
MS-SIM Tools (MS SIM 1.0.4). This tool enables efficient single ion
quantification of many components up to 50 multiple chromato-
graphic measurements in a single evaluation step. Unscrambler 8.0
was used for the principal component analysis (PCA). This statis-
tical tool offers a reliable means of estimating the similarities and
dissimilarities in pyrolysis products from different biomass. Differ-
ences arising from the compositional variations from one wood to
another can be chemometrically analysed using the tools [22].

3. Results and discussion
The PCA result of samples pyrolysed at 500°C is depicted in

Fig. 1. Samples are clearly delineated based on the similarities and
dissimilarities of the evolved volatile products. Approximately 80%

of the validated variations in all the tested samples are described
by 2 PCs. The representation shows an excellent reproducibility of
duplicate trials. Hardwoods are largely distinguished from the soft-
wood and the annual plant by PC1 based on the presence of syringyl
related components. Although corncob contains small amounts of
syringyl related compounds, the quantity of these products such as
syringol, 4-allyl syringol and 4-methyl syringol in both beech and
albizia was double the amount found in corncob. The position of
spruce in PC1 is influenced by high contents of levoglucosan and
guaiacyl related volatile components found in the softwood. This is
in addition to the absence of syringol related components, which is
a characteristic feature of softwoods.

The second PC categorises beech and albizia based on syringyl to
guaiacyl ratio. The PC explains about 35% of variations in samples.
This ratio is less than 1 in both iroko and corncob but greater than
1 in other hardwoods. The result revealed that iroko is differenti-
ated from other hardwoods because of the presence of resorcinol,
p-xylene and 2,6-dimethyl hepta-1,5-diene in high content. The
two phenyl bearing compounds are lignin derived phenolic com-
pounds while the 2,6-dimethyl hepta-1,5-diene is thought to be the
decomposition product of extractives found only in iroko. Similarly,
corncob is differentiated from other samples based on high content
of phenol and 4-vinyl phenol. These products are derived from p-
coumaryl alcohol, a form of lignin moiety largely found in annual
plants [21]. It is clear from this result that there exists some dissim-
ilarity in chemical composition of condensable products obtained
from fast pyrolysis of different lignocelluloses of even the same
class.

3.1. Effect of temperature

The summarised result of samples at different temperatures
between 400 and 700°C is shown in Fig. 2. The categori-
sation is based on chemical classes of numerous compounds
detected. Holocellulose derived volatile products such as acetic
acid, non-aromatic aldehydes and ketones are least affected by high
temperature. These classes of compounds are readily formed as pri-
mary pyrolysis products from biomass. The result shows that their
yields seem unabated even at 650-700 °C. This phenomenon could
have arisen from the degradation of other heavier products such as
anhydrosugar to supplement decomposed fractions of these prod-
ucts. Most abundant compounds in these classes are fragmentation
products from pentoses and hexoses. Their formation is therefore
ubiquitous so long holocellulosic moieties are present. Also, the
thermal liability of pyrans is illustrated in Section 3. While a num-
ber of furan related compounds are still detectable at 700 °C, almost
all pyran products are hardly found at 650 °C in most samples.

In addition, only 20-40% of initial anhydrosugars found at 400 °C
were detectable at 700 °C. The highest residual was found in spruce
with no syringyl lignin content. This class of pyrolysis product
comprises mostly 1,6-anhydro-3-p-glucopyranose. Their decom-
position at high temperature to produce various furans have been
noted by previous authors [23]. Guaiacyl and syringyl related
volatile products rapidly decayed at high temperature with less
than 4% of most fractions detected at 400 °C left at 700 °C in all sam-
ples. Instead, the production of benzyl and phenyl related aromatic
compound is enhanced.

PCA evaluation of pyrolysis data obtained from different tem-
perature measurements is shown in Fig. 3. This result revealed that
pyrolysis at 300 °C and 650-700 °C are least characterised in terms
of yield of most volatile products in all samples. There are limited
reaction pathways for the formation of volatiles at low temper-
ature. Severe fragmentation of macromolecules occurred at high
reaction temperature with possibility of multiple reactions to pro-
duce small amount of individual volatile products. Most of these
products are non-aromatic aldehydes and ketones. In contrast, the
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Fig. 2. Volatile products distribution at different temperatures in samples.

temperature range between 400 °C and 500 °C produced the high-
est concentration of most volatile pyrolysis products.

For clarity, chromatograms of beech for selected tempera-
tures are shown in Fig. 4. Pyrolysis at 300°C produced the least
volatile products due to partial decomposition of the major com-
ponents. Major chemical changes at low pyrolysis temperature of
biomass include partial depolymerisation of polysaccharides and
elimination of water from the monosaccharide [24,25]. The lim-
ited depolymerisation of macromolecules by bond scission occurs
largely within the amorphous hemicellulose and lignin. The over-
all effect of this partial volatilization is the production of high char
content. However, the char content of the residue could not be
determined owing to the nature of the pyrolysis unit and sample
weight employed.

Still on Fig. 4, peaks of low molecule compounds such as
hydroxyl acetaldehyde (1) acetic acid (2) propanal-2-one and 3-
hydroxyl propionaldehyde (3) obtained at this temperature are

broad and of low mass spectra purity due to overlapping of com-
ponents. Cellulose, the most abundant component of wood is
observed the least decomposed at this temperature. This is evident
in the low amount of anhydro-f3-p-glucopyranose (24) a typical
decomposition product from cellulose [25]. However, it could be
said that polymeric intermediate products not detectable in GC
were formed from glucose at this low temperature. Many peaks
were found with obscured identities. However, their MS frag-
mentation patterns correspond to anhydrosugar. These products
are probably oligomeric forms of anhydrosugars. The formation
of anhydro-oligosaccharides has been noted to be a major route
preceding the formation of smaller products in holocellulose
decomposition [26]. These products are formed following depoly-
merisation reaction. This is possible at low temperature where the
degradation of holocellulose occur least by fragmentation reaction.

Apart from decomposition products such as 3-hydroxy-
5,6-dihydro-(4H) pyran-4-one (9) and dihydro-4-hydroxy-
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2(3H)-furanone from holocellulose, most prominent peaks (see
Figs. 2 and 4) are lignin derived compounds such as 4-vinyl
guaiacol (17) 4-vinyl syringol (23) (trans)-4-(1-propenyl)-syringol
(25) coniferyl alcohol (27) and sinapaldehyde. 4-vinyl phenol is
the major lignin related volatile obtained from corncob pyrolysis
product. The vinyl related volatiles were probably formed after
the decarboxylation of low lignin related species such as sinapic,
ferulic and cinnamic acids, covalently associated with the holocel-
lulose. A covalent association between hemicellulose and lignin
in biomass has been established by previous authors [27,28].
Sinapyl, coniferyl and p-coumaryl alcohols are main precursors
involved in the formation of the lignin monomers. These pre-
cursors formed from sinapic, ferulic and cinnamic acids through
cinnamate pathway are often found as glucosides in cambial tissue
[29]. A further pointer to this assertion is the detection of highest
concentration of sinapaldehyde at low pyrolysis temperature. A
similar decomposition trend was observed in chromatograms of
all samples beside differences occasioned by the dissimilarity in
samples’ composition.

Products obtained at 350°C are discriminated from those at
300°C based on their concentrations. With the exception of
anhydro-f-pD-glucopyranose, other anhydrosugar such as anhydro-
[3-p-arabinofuranose, 1,4:3,6-dianhydro-a-p-glucopyranose (15)
and many unknown anhydrosugars attained maximum concentra-
tion at 350 °C, which decreased downward at higher temperature

in all samples. The presence of many anhydrosugar and cellobiosan
in pyrolysis products has been reported by earlier author [30].
These anhydro-oligosaccharides can decompose through reverse
aldolisation and oxidation to form various low molecule prod-
ucts of aldehyde and ketone compounds [13,30].The production
of high amount of 1,4:3,6-dianhydro-a-D-glucopyranose at this
low temperature could imply that the sugar was formed from
the glucose units associated with amorphous hemicellulose struc-
tures. Anhydrosugars of hemicelluloses are more easily obtained at
lower temperature than anhydro-f-p-glucopyranose from cellu-
lose owing to the high degree of crystalinity and effective hydrogen
bonding among cellulose units [20].

On individual volatile products from classes outline in Table 2
and Fig. 2, the amount of non-aromatic aldehyde surged at
high pyrolysis temperature of 400 °C, initially owing to the pro-
duction of hydroxyl acetaldehyde and propanal-2-one. These
products are obtained from reducing and non-reducing end of
sugar units through reverse aldolisation, another major ther-
mal degradation mechanism of holocellulose [30]. The production
of hydroxyl acetaldehyde steadily decayed at elevated temper-
ature. The amount of overall non-aromatic aldehydes appear
slightly sustained due to increase in the production of acrolein
as the temperature increases. This temperature also favours
the production of 3-hydroxy-5,6-dihydro-(4H)-pyran-4-one. Other
volatiles that attained their maximum concentration at this
temperature include 3,4-dihydro-6-methyl-2H-pyran-2-one, and
5-(hydroxymethyl)dihydro-2(3H)-furanone. These products are
often regarded as hemicellulose decomposition markers but a
clear demarcation between the decomposition markers for hemi-
cellulose and cellulose is hard to draw owing to the similarity
in their pyrolysis products. However volatile compounds such
as 5-(hydroxymethyl)dihydro-2(3H)-furanone are produced from
hexoses in holocellulose [31]. They could be formed from both
hemicellulose and cellulose following keto-enol tautomerism of
the sugar which subsequently undergoes condensation and finally
cyclization reaction as suggested by previous authors [32]. Further-
more, acetic acid attained its maximum concentration at 400°C.
This acid is obtained from the cleavage of the acetyl group largely
found in the glucuronoxylan of hardwood and annual plant[33].Itis
however possible to obtain the acid from the oxidation of acetalde-
hyde or carbonylation of methanol through carbon monoxide, all
produced as decomposition products from the pyrolysis of both
cellulose and hemicellulose.

The products obtained between 450 °C and 550 °C are relatively
similar in all samples apart from minimal concentration changes.
With reduction of other anhydrosugars, levoglucosan attained its
maximum concentration between 450°C and 500 °C. Transglyco-
sylation of glucose leading to the formation of levoglucosan as
explained by Shafizadeh et al. [34] largely occurred within this
temperature range. The formation of the anhydrosugar reduces at
higher temperature. Highest amount of levoglucosan is obtained
in spruce compared to other biomasses. This observation did not
correspond to the difference in their cellulose contents (Table 1).
This discrepancy could be explained in the event that mannose,
an hexose similar to glucose was also converted to levoglucosan
as suggested by Rdisdnen et al. [35]. However, this argument
appears weak considering the conclusions by several authors indi-
cating that the prospect of obtaining levoglucosan from mannose is
remote [20,36]. Rather, the monosaccharide yields 1,6 anhydro-3-
D-mannopyranose, an anhydrosugar similar to levoglucosan. The
difference in both anhydrosugars is the hydroxyl group attached to
the carbon next to the anomeric carbon.

Furthermore, galactoglucomannans is the principal hemicellu-
lose in softwood. It comprises of mannose; glucose and galactose in
the proportion of 3:1:1 for galactose-rich softwood. For other soft-
wood, the ratio is 4:1:0.1 where the hemicellulose is just known
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Fig. 4. Beech chromatograms at 300, 400, 500, 600 and 700°C. List: (1) acetaldehyde, hydroxy-; (2) acetic acid; (3) acetol (hydroxypropanone); (4) propionaldehyde,
3-hydroxy; (5) oxopropanoic acid methylester; (6) furaldehyde, 2-; (7) cyclopentene-1-one, 2-hydroxy-2-; (8) furanone, 2(5H)-; (9) pyran-4-one, 3-hydroxy-5,6-dihydro-
(4H)-; (10) pyran-2-one, 3,4-dihydro-6-methyl-2H-; (11) guaiacol; 12 (S)-(+)-2’,3’-dideoxyribonolactone; (13) guaiacol, 4-methyl; (14) unknown anhydrosugar; (15)
dianhydro-mannopyranose, 1,4:3,6-; (16) anhydro-3-p-xylofuranose, 1,5-; (17) guaiacol, 4-vinyl-; (18) Syringol; 19 2(3H)-furanone, dihydro-4-hydroxy-; (20) pyran-4-one,
2-hydroxymethyl-5-hydroxy-2,3-dihydro-, (4H)-; (21) trans isoeugenol; (22) Syringol, 4-methyl; (23) syringol, 4-vinyl; (24) anhydro-f3-p-glucopyranose (levoglucosan);
(25) syringol, 4-(1-propenyl)-trans; (26) syringaldehyde; (27) coniferyl alcohol (trans); (28) sinapyl alcohol (trans): (29) sinapaldehyde (trans).

as glucomannan [29]. As indicated in Table 1, the hemicellulose
in spruce contributes substantially high glucose units with low
degree of polymerisation (DP) to the total glucose in the biomass
compared to hardwood. It can therefore be concluded that the dif-
ference in the amount of levoglucosan in the hardwoods and spruce
lies in the ease of converting glucose units found in the hemicellu-
lose of spruce to levoglucosan owing to its lower DP compared to
cellulose. The high metal content in African biomasses could have
played a mitigating role in the formation of this anhydrosugar. This
conclusion agrees with the findings of previous authors [17,21].
At the temperature of 650-700 °C, non-aromatic aldehydes and
ketones and furans dominate the chromatograms in all samples
where pyrans are produced less. Holocellulose appears to have
been converted to low molecular products and gases such as CO,
and CO through severe fragmentation mechanisms. Both guaiacols
and syringols were least visible in chromatograms (Fig. 4). Instead,
numerous benzyl and phenyl based products were formed. These
products were probably formed from the combination of methyl
and hydroxyl radicals (produced from severe homolytic degrada-
tion) with the aromatic ring from demethoxylated lignin (after the

cleavage of o and [3-aryl-alkyl-ether linkages). The occurrence of
cyclization and other rearrangement reactions could have led to
the production of closed ring products such as naphthalene.

Interestingly, both 6-hydroxy-7-methoxy-1H-indene and 6-
hydroxy-7-methoxy-2H-indene were found in all samples while
only samples with syringyl units contained 6-hydroxy-5,7-
dimethoxy-1H-indene. These products are also detected at 300°C,
maintaining their maximum concentration between 450°C and
550 and sparingly formed at 650-700 °C. It is established from these
observations that indene related compounds are products related
to biomass lignin components.

3.2. Effect of sample pre-treatment

To investigate the influence of the alkali and earth metals
contents on the nature of volatile products, all samples were
washed with dilute acid or water. Alkali and alkaline earth met-
als are exchangeable ions bounded to biomasses and can easily be
removed by treatment with water or diluted acid [19]. Treated sam-
ples were pyrolysed at 500 °C and results obtained for hardwoods
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Table 2
Normalised peak area of beech wood volatile products at different temperatures Beech.
Compound Temperature (°C)
400 450 500 550 600 650 700
(i) Beech
Acids
Acetic acid 459 424 43.3 41.0 36.5 36.2 28.8
Nonaromatic aldehydes
Propenal, 2-(acrolein) - - 11.6 19.3 255 325 31.7
Acetaldehyde, hydroxy- 42.2 48.0 39.7 374 13.9 25.6 13.6
Methylglyoxal (Propanal-2-one) 235 20.8 219 22.0 20.1 17.0 11.0
Propionaldehyde, 3-hydroxy- 10.5 11.2 11.6 11.5 9.6 8.4 53
Nonaromatic ketones
Acetol (hydroxypropanone) 18.2 16.8 16.5 16.2 103 141 10.5
Butandione, 2,3-; (diacetyl) 6.4 7.0 7.7 9.0 5.9 5.8 4.5
Butenal-2-one, 3- 9.7 5.1 3.1 1.9 1.3 0.7 0.5
3-Pentanone 4.9 3.8 4.4 4.2 3.5 2.6 14
Cyclopenten-1-one, 2- - 1.8 24 2.8 2.8 29 29
Cyclopenten-1-one, 2-hydroxy-2- 10.5 9.4 9.9 103 6.8 7.4 4.4
Furans
Furanone, 2(5H)- 9.3 8.4 8.5 6.9 5.1 34 1.9
Furaldehyde, 2- 7.0 6.3 6.7 6.5 6.1 4.7 3.7
Furaldehyde, 5-(hydroxymethyl)-, 2- 2.7 2.5 2.5 2.2 1.2 1.4 1.0
2(3H)-Furanone, dihydro-4-hydroxy- 4.0 2.9 2.2 1.7 1.2 0.9 0.5
5-(Hydroxymethyl)dihydro-2(3H)-furanone 6.9 5.2 4.6 3.9 2.2 2.2 0.9
Pyrans
Pyran-4-one, 3-hydroxy-5,6-dihydro-, (4H)- 17.5 15.3 12.6 9.6 5.2 3.0 0.8
Sugars
Anhydro-3-p-arabinofuranose, 1,5- 0.8 0.7 0.6 0.5 0.3 0.5 -
Anhydro-3-p-glucopyranose, 1,6-; (levoglucosan) 15.1 15.6 18.2 17.7 15.3 14.2 9.3
Dianhydro-a-p-glucopyranose, 1,4:3,6- 1.6 1.3 1.2 1.0 0.8 0.6 0.4
Benzenes
Indene, 6-hydroxy-7-methoxy-, 1H- 0.9 - 2.0 1.9 1.2 - -
Indene, 6-hydroxy-7-methoxy-, 2H- 1.6 2.0 2.8 2.8 19 0.8 -
Indene, 6-hydroxy-5,7-dimethoxy-, 1H- 2.0 2.2 2.5 1.7 0.7 - -
Lignin derived phenols
Cresol, o- - 0.6 0.8 1.1 13 2.0 2.8
Cresol, m- - - - 0.6 0.8 0.8 2.2
Guaiacols (methoxy phenols)
Guaiacol 43 3.7 3.5 29 1.6 0.9 0.6
Guaiacol, 4-vinyl- 4.9 4.6 5.0 4.4 2.6 1.2 -
Guaiacol, 4-propenyl-(trans); (isoeugenol) 4.9 33 4.0 33 2.1 1.1 -
Coniferyl alcohol (trans) 4.6 6.3 6.9 5.3 19 - -
Syringols (dimethoxy phenols)
Syringol 7.1 6.7 6.8 5.0 22 0.8 -
Syringol, 4-vinyl- 124 111 10.5 7.8 3.7 14 -
Syringol, 4-(1-propenyl)-, trans 8.2 7.8 8.1 5.3 21 0.6 -
Sinapaldehyde (trans) 8.0 7.4 7.1 5.5 2.7 0.7 -
Spruce
Acids
Acetic acid 16.0 144 13.9 134 133 119 114
Nonaromatic aldehydes
Propenal, 2-(acrolein) - - 12.7 20.5 284 30.5 34.0
Acetaldehyde, hydroxy- 48.6 51.8 47.0 42.6 29.5 17.6 18.6
Propanal-2-on (Methylglyoxal) 22.2 235 223 225 213 17.5 11.6
Propionaldehyde, 3-hydroxy- 6.5 7.2 7.2 7.1 6.3 5.0 3.7
Nonaromatic ketones
Hydroxypropanone (acetol) 15.0 14.8 134 13.0 123 10.6 113
Butandione, 2,3-; (diacetyl) - 7.3 7.3 8.4 6.0 53 4.8
Butenal-2-one, 3- - 2.5 2.9 2.1 1.1 0.5 0.4
3-Pentanone - - - - - - -
Cyclopenten-1-one, 2- 1.6 20 24 2.7 2.8 0.9
Cyclopenten-1-one, 2-hydroxy-2- 8.0 8.2 8.5 8.6 8.1 6.3 4.9
Furans
Furanone, 2(5H)- 7.2 6.8 6.9 5.7 43 29 1.9
Furaldehyde, 2- 4.6 4.7 5.0 52 4.8 4.1 34
Furaldehyde, 5-(hydroxymethyl)-, 2- 6.5 6.6 6.0 5.8 43 3.0 2.2
2(3H)-Furanone, dihydro-4-hydroxy- 6.2 4.6 2.8 1.8 0.4 1.2 0.8
5-(Hydroxymethyl)dihydro-2(3H)-furanone 5.9 4.6 3.6 3.1 2.2 1.3 0.8
Pyrans
Pyran-4-one, 3-hydroxy-5,6-dihydro-, (4H)- 9.1 8.4 7.0 54 3.5 1.2 0.5
Sugars
Anhydro-3-p-arabinofuranose, 1,5- 2.0 1.8 1.5 1.3 0.9 0.8 -
Anhydro-3-p-glucopyranose, 1,6-; (levoglucosan) 26.0 29.8 29.8 29.1 28.1 234 16.5
Dianhydro-a-p-glucopyranose, 1,4:3,6- 1.0 0.9 0.8 0.8 0.6 0.5 03
Benzenes
Indene, 6-hydroxy-7-methoxy-, 1H- 23 2.5 3.2 2.8 1.5 0.5 -
Indene, 6-hydroxy-7-methoxy-, 2H- 3.0 3.2 3.8 3.4 1.9 - -

Indene, 6-Hydroxy-5,7-dimethoxy-, 1H-
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Table 2 (Continued)

Compound Temperature (°C)
400 450 500 550 600 650 700
Lignin derived phenols
Cresol, o- - 0.9 1.1 14 1.9 25 3.6
Cresol, m- - 0.5 0.6 0.8 1.1 1.7 2.6
Guaiacols (methoxy phenols)
Guaiacol 8.6 8.8 8.1 6.0 3.2 1.2 0.3
Guaiacol, 4-vinyl- 10.7 11.6 11.6 10.2 5.7 2.1 -
Guaiacol, 4-propenyl-(trans); (isoeugenol) 9.5 103 104 8.3 5.2 1.8 -
Coniferyl alcohol (trans) 121 115 16.4 12.0 5.1 - -
Syringols (dimethoxy phenols)
Syringol - - - - - - -
Syringol, 4-vinyl- - - - - - - -
Syringol, 4-(1-propenyl)-, trans - - - - - - -
Sinapaldehyde (trans) - - - - - - -
(iii) Iroko
Acids
Acetic acid 214 20.5 20.0 19.3 19.8 16.1 14.9
Nonaromatic aldehydes
Propenal, 2-(acrolein) - - - 8.4 13.6 15.1 18.5
Acetaldehyde, hydroxy- 32.0 293 24.6 19.1 14.8 9.3 9.5
Propanal-2-on (methylglyoxal) 153 131 134 133 13.6 9.9 6.0
Propionaldehyde, 3-hydroxy- 4.7 4.9 4.9 4.7 4.6 3.2 2.5
Nonaromatic ketones
Hydroxypropanone (acetol) 199 193 17.3 15.3 14.2 10.6 10.0
Butandione, 2,3-; (diacetyl) 4.5 4.7 5.6 49 5.2 4.3 33
Butenal-2-one, 3- 1.8 2.0 1.7 1.4 0.8 0.3 -
3-Pentanone 6.9 6.1 5.7 49 4.4 2.7 1.5
Cyclopenten-1-one, 2- 1.2 1.7 2.2 2.6 2.9 2.6 2.6
Cyclopenten-1-one, 2-hydroxy-2- 13.2 11.6 9.8 8.3 7.5 5.1 3.9
Furans
Furanone, 2(5H)- 7.5 6.7 5.6 4.6 3.7 22 13
Furaldehyde, 2- 3.6 3.9 4.0 4.1 4.1 3.1 24
Furaldehyde, 5-(hydroxymethyl)-, 2- 0.8 0.8 0.8 0.6 0.5 0.5 0.5
2(3H)-Furanone, dihydro-4-hydroxy- 1.9 1.7 1.8 1.6 1.2 - -
5-(Hydroxymethyl)dihydro-2(3H)-furanone 4.0 2.9 2.0 14 1.2 0.6 -
Pyrans
Pyran-4-one, 3-hydroxy-5,6-dihydro-, (4H)- 43 3.7 2.7 20 1.4 0.6 0.2
Sugars
Anhydro-3-p-arabinofuranose, 1,5- 0.5 0.4 04 0.3 0.4 - -
Anhydro-p-p-glucopyranose, 1,6-; (levoglucosan) 3.2 3.7 4.2 43 35 4.0 29
Dianhydro-a-p-glucopyranose, 1,4:3,6- 0.9 0.8 0.8 0.7 0.7 0.6 0.4
Benzenes
Indene, 6-hydroxy-7-methoxy-, 1H- 0.8 1.2 23 22 1.5 - -
Indene, 6-hydroxy-7-methoxy-, 2H- 1.0 1.5 2.6 2.7 2.1 - -
Indene, 6-hydroxy-5,7-dimethoxy-, 1H- 0.7 1.1 14 1.0 0.6 - -
Lignin derived phenols
Cresol, o- 0.9 1.2 14 1.7 23 2.5 33
Cresol, m- 0.6 0.7 0.8 0.9 1.5 1.8 2.6
Guaiacols (methoxy phenols)
Guaiacol 8.9 9.4 8.8 7.0 4.0 14 -
Guaiacol, 4-vinyl- 15.0 15.5 14.6 114 6.7 2.1 0.4
Guaiacol, 4-propenyl-(trans); (isoeugenol) 6.6 7.7 7.7 6.2 41 - -
Coniferyl alcohol (trans) 123 13.6 10.8 8.0 3.1 - -
Syringols (dimethoxy phenols)
Syringol 6.6 6.7 6.2 43 2.1 0.5 -
Syringol, 4-vinyl- 13.8 134 11.8 8.2 39 0.9 -
Syringol, 4-(1-propenyl)-, trans 5.9 6.2 5.6 3.8 1.7 0.4 -
Sinapaldehyde (trans) 2.5 2.4 2.7 2.0 0.8 - -
(iv) Albizia
Acids
Acetic acid 274 27.2 27.2 26.9 25.4 21.7 20.6
Nonaromatic aldehydes
Propenal, 2-(acrolein) - 53 9.4 14.0 18.7 21.7 24.0
Acetaldehyde, hydroxy- 223 25.5 18.8 17.0 145 9.1 83
Propanal-2-on (Methylglyoxal) 15.2 13.2 15.6 16.1 15.9 143 10.5
Propionaldehyde, 3-hydroxy- 4.7 52 5.8 5.7 5.0 4.2 34
Nonaromatic ketones
Hydroxypropanone (acetol) 12.8 134 134 125 11.7 8.8 9.3
Butandione, 2,3-; (diacetyl) 4.7 4.9 6.6 54 5.2 4.6 41
Butenal-2-one, 3- 1.7 2.3 2.8 2.1 1.0 0.6 04
3-Pentanone 8.0 7.5 6.7 6.1 49 3.2 2.0
Cyclopenten-1-one, 2- 1.2 1.6 2.2 2.4 25 2.4 2.5
Cyclopenten-1-one, 2-hydroxy-2- 109 10.3 9.3 8.3 7.1 4.9 4.0
Furans
Furanone, 2(5H)- 7.3 6.5 7.0 5.8 4.4 3.1 1.7
Furaldehyde, 2- 4.7 4.3 4.8 4.7 4.1 3.4 2.6
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Table 2 (Continued)
Compound Temperature (°C)
400 450 500 550 600 650 700
Furaldehyde, 5-(hydroxymethyl)-, 2- 1.1 1.2 1.0 0.8 0.6 0.4 0.5
2(3H)-Furanone, dihydro-4-hydroxy- 25 22 - - - 0.9 0.6
5-(Hydroxymethyl)dihydro-2(3H)-furanone - - - - - - -
Pyrans
Pyran-4-one, 3-hydroxy-5,6-dihydro-, (4H)- 9.5 8.4 7.2 5.6 3.7 1.8 0.6
Sugars
Anhydro-3-p-arabinofuranose, 1,5- 0.7 0.7 0.7 0.7 0.7 - -
Anhydro-3-p-glucopyranose, 1,6-; (levoglucosan) 7.0 8.0 9.4 9.3 8.6 6.3 5.8
Dianhydro-a-p-glucopyranose, 1,4:3,6- 0.8 0.8 0.8 0.7 0.7 0.5 0.4
Benzenes
Indene, 6-hydroxy-7-methoxy-, 1H- 0.8 0.9 2.3 2.7 1.5 0.5 -
Indene, 6-hydroxy-7-methoxy-, 2H- 0.9 1.2 2.6 34 22 1.1 0.8
Indene, 6-hydroxy-5,7-dimethoxy-, 1H- 13 1.5 24 1.8 0.7 - -
Lignin derived phenols
Cresol, o- 0.5 0.7 1.0 1.1 1.6 1.9 2.9
Cresol, m- - 0.5 0.6 0.7 1.2 1.7 2.5
Guaiacols (methoxy phenols)
Guaiacol 6.9 7.4 7.5 5.4 3.0 14 -
Guaiacol, 4-vinyl- 8.3 8.8 8.6 7.2 4.2 19 0.5
Guaiacol, 4-propenyl-(trans); (Isoeugenol) 6.8 7.5 8.1 6.6 41 25 -
Coniferyl alcohol (trans) 11.6 114 113 7.1 3.1 - -
Syringols (dimethoxy phenols)
Syringol 9.6 10.5 9.8 7.1 3.1 1.0 -
Syringol, 4-vinyl- 15.3 15.1 134 9.4 4.4 1.6 -
Syringol, 4-(1-propenyl)-, trans 10.2 10.8 9.8 6.1 2.6 0.7 -
Sinapaldehyde (trans) 4.7 4.6 4.7 33 1.6 - -
(v) Corncob
Acids
Acetic acid 26.8 25.5 25.6 26.1 242 23.2 19.4
Nonaromatic aldehydes
Propenal, 2-(acrolein) - - - 13.0 193 26.0 26.3
Acetaldehyde, hydroxy- 31.8 324 28.1 25.2 19.8 20.8 9.9
Propanal-2-on (methylglyoxal) 20.8 23.7 24.4 26.3 24.4 20.8 131
Propionaldehyde, 3-hydroxy- 4.9 5.5 5.8 5.9 5.4 49 3.2
Nonaromatic ketones
Hydroxypropanone (acetol) 21.7 223 213 203 183 18.6 13.0
Butandione, 2,3-; (diacetyl) 49 6.4 8.2 7.6 8.0 7.6 5.8
Butenal-2-one, 3- 1.9 2.5 2.6 2.4 1.2 0.5 0.3
3-Pentanone 9.2 8.8 8.1 7.2 6.0 4.1 23
Cyclopenten-1-one, 2- 1.5 2.2 2.7 3.2 34 34 3.2
Cyclopenten-1-one, 2-hydroxy-2- 13.9 12.9 121 11.7 10.2 8.9 5.2
Furans
Furanone, 2(5H)- 7.3 7.1 6.9 6.5 4.5 3.0 1.7
Furaldehyde, 2- 6.1 6.0 6.3 6.6 5.9 5.0 3.7
Furaldehyde, 5-(hydroxymethyl)-, 2- 1.1 1.2 1.0 0.9 0.7 0.7 0.5
2(3H)-Furanone, dihydro-4-hydroxy- 1.4 1.2 0.9 0.9 0.7 0.5 -
5-(Hydroxymethyl)dihydro-2(3H)-furanone - - - - - - -
Pyrans
Pyran-4-one, 3-hydroxy-5,6-dihydro-, (4H)- 8.0 74 5.7 4.7 29 1.6 0.2
Sugars
Anhydro-3-p-arabinofuranose, 1,5- 3.6 33 3.2 2.6 1.7 1.2 0.8
Anhydro-3-p-glucopyranose, 1,6-; (levoglucosan) 44 6.1 5.9 5.9 5.5 4.7 2.6
Dianhydro-a-p-glucopyranose, 1,4:3,6- 13 1.2 13 1.2 1.0 0.8 0.6
Benzenes
Indene, 6-hydroxy-7-methoxy-, 1H- 0.3 0.5 0.7 1.0 0.5 - -
Indene, 6-hydroxy-7-methoxy-, 2H- 0.3 0.6 0.8 - 0.7 - -
Indene, 6-Hydroxy-5,7-dimethoxy-, 1H- - 0.5 0.6 0.5 0.2 - -
Lignin derived phenols
Cresol, o- 0.5 1.2 0.8 1.0 1.8 2.2 24
Cresol, m- 0.6 0.7 0.7 0.9 1.0 1.5 1.6
Guaiacols (methoxy phenols)
Guaiacol 5.1 5.6 5.6 4.5 2.5 1.1 0.6
Guaiacol, 4-vinyl- 17.8 19.3 194 16.1 8.9 35 -
Guaiacol, 4-propenyl-(trans); (isoeugenol) - - - - - -
Coniferyl alcohol (trans) 1.5 1.6 1.8 - - - -
Syringols (dimethoxy phenols)
Syringol 34 3.7 35 2.5 1.1 04 0.7
Syringol, 4-vinyl- 2.9 3.1 2.9 2.2 1.0 0.3 -
Syringol, 4-(1-propenyl)-, trans 22 24 22 1.5 0.7 0.2 -
Sinapaldehyde (trans) 0.6 0.5 0.4 - - - -
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Fig. 5. Effects of pre-treatments on some volatile products.

are shown in Fig. 5. The removal resulted in the reduction of most
holocellulose-derived low molecular products but with only slight
effect on the yield of acetic acid. The effect is severer in samples
treated with acid due to more effective removal of the indige-
nous metal with dilute acid. In both cases, it is observed that the
decomposition reactions occurred predominantly via depolymeri-
sation and dehydration processes. This remark is buttressed by the
increase in yields of anhydrosugars and high molecular furan and
pyran products.

Product such as 1-hydroxy-2-butanone, largely found in African
biomasses, was probably formed in the pyrolysate due to metal
contents in the biomasses. This assertion is confirmed by the
reduction in the product’s yield by 37-50% and 71-89% in water
and acid washed samples respectively. Similar phenomenon was
observed in 2-hydroxy-2-cyclopentene-1-one, acetol and other
related products. To determine the metal ion responsible, sam-
ples were impregnated with 0.1 M NaCl and CaCl, as previously
described and pyrolysed. The result obtained (as shown in Fig. 5
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Fig. 6. Suggested pathway for the formation of 5-(hydroxymethyl) furan-2-aldehyde from hexose sugar.

indicates that the monovalent metals (especially potassium)) with
high concentration in the African biomasses largely induced the
formation of these low molecular products. The removal of the
metals resulted in slight reduction in the yield of lignin derived
products such as vinyls of guaicol and syringol. These products are
often most abundant lignin derived fractions from lignocellulose
pyrolysis. However, concentrations of some other lignin products
such as 4-methyls of guaiacol and syringol slightly improved upon
the removal of metals with diluted acids.

The most significant effect of washing all the samples is the
remarkable increase in the amount of volatile products such
as furan-2-aldehyde, 5-(hydroxymethyl) furan-2-aldehyde, lev-
oglucosan and other anhydrosugars. This is considerably high in
anhydrosugars especially levoglucosan up to 9 times increase in
samples washed with dilute acid. Fahmi et al. [18] had previously
noted that the removal of metals from biomass sample correlates
with increase in the average molecular weight (M) of the liquid
product. This observation is due to increase in the formation of
heavy molecular anhydrosugars and pyrans. Alkaline earth metal
(suchas Ca*)seemed to have played positive roles in decomposition
processes through which these products are favourably formed.

However, the removal of native metal ions did not result in any
preferential enhancement in the yield of related products in African
biomasses compared to the European hardwood. This is proba-
bly due to the presence of other metals that cannot be removed
by these pretreatment methods such as aluminium found in large
concentration in the African biomass [21]. It can therefore be con-
cluded that the pre treatment would not cause African biomasses to
have equivalent volatile products yield compared with European,
although they all have similar holocellulose contents.

Furthermore, the relative amount of both [21] 5-
(hydroxymethyl) furan-2-aldehyde and 1,6-3-p-anhydro-
glucopyranose largely correspond among all sample and both
showed similar response in all treated samples leading to the con-
clusion that both were probably formed through parallel pathways
from hexose sugars. In the previous work of Shafizadeh [37], it
was observed that levoglucosenone yielded 5-(hydroxymethyl)
furan-2-aldehyde on reaction with heated aqueous mineral acid.
However, a positive correlation (0.7-0.9) between both established
in all samples could be suggestive that they were probably formed
concurrently. Based on the template of Richards and Shafizadeh
[32], a suggestive pathway for the formation of the former is
depicted in Fig. 6.

4. Conclusions

The severity of the homolytic and heterolytic fragmentation
occasioned by pyrolysis temperature and the chemical composi-
tion of biomass determine various decomposition products formed
during fast pyrolysis. The presence of aromatic related structures
even at low temperature is suggestive of the thermal lability of a-O
and 3-0 bonds within the lignin structure of biomass. Depolymeri-
sation of sugar cellulose effectively occurred within temperature
range of 450-550°C which yielded largest amount of levoglucosan
and other low molecule volatiles in all samples. Fast pyrolysis of
biomass at temperatures above 600 °C showed increased tendency

in the formation of low molecular products of non-aromatic aldehy-
des and ketones. It also favours the formation of aromatic products
which are closely related to lignin units in the biomasses. They
are most probably formed from reaction between the demethoxy-
lated phenyl species and alkyl radicals followed by rearrangement
reactions. A clear pointer to this assertion is the formation of
indene based products whose dimethoxy product was only found
in biomass with corresponding syringyl unit. The removal of alkali
and earth metals from biomasses showed increase in anhydrosug-
ars, high molecular furan and pyran products but reduction in the
low molecular products from holocellulose. The selective effect of
these metals in influencing certain volatile products is a tool that
can be used to optimise production of desired products for green
chemical application in industries.
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ABSTRACT

Five unmodified basic and acidic zeolites have been tested in the thermo-chemical conversion of beech
(Fagus sylvatica L.) using an on-line pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) sys-
tem to study their effects on lignocellulose thermal degradation products. The catalysts employed were
SN-27, MSN-15, MSM-15, H-ZSM-5-28 and H-ZSM-5-80 with varying Si/Al ratio between 11 and 80.
Thoroughly mixed samples of the biomass with different catalysts loading were pyrolysed at 500°C. The
catalyst exhibited varying degree of selectivity on individual volatile products. The selectivity was lar-
gely controlled by the nature of zeolites’ active sites and alumina contents. The acidic catalysts mostly
influenced the condensable organic products; induced high yields of furfural and levoglucosan. Their
yields increased up to five and nine times respectively in samples spiked with 40% MSM-15 and H-ZMS-5
on the basis of feedstock weight. H-ZSM-5 with lower alumina content proved most effective in enhan-
cing high yield of furfural due to better diffusion of molecules through the pores. A slight reduction in
polysaccharide derived low molecular volatiles such as hydroxyacetaldehyde, acetic acid, hydroxypro-
panone was observed in all catalysts. The overall result indicated that the acidic catalysts largely induced
cleavage of glycosidic bonds through protonation predominantly on zeolites’ surface area. This was follo-
wed by the modification of free hydroxyl groups through dehydration process. All zeolites revealed no

significant effect on most lignin derived products except indenes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The role of biomass in generating fuel as well as potential raw
materials for producing chemicals with low sulphur base content
has continued to generate interest in the search for alternative
renewable energy source since the last two decades. Fast pyrolysis
is one of the well established means of converting various forms of
biomasses to obtain organic liquid called bio oil, which is a com-
bination of numerous chemical products obtained from thermal
degradation process. Some of these chemicals are important and
valuable products in chemical industries [1]. The production of oxy-
genated chemical species such as glyoxal, hydroxyacetaldehyde,
sugars phenols and different aromatics from biomasses possesses
great economic potential and wide industrial applications if these
products yield and purity from biomasses can be enhanced [2,3].
This view coincides with the current thought on the development
of bio-refinery to fully harness the potential of converting bio-
mass feedstocks to fuels and chemicals [4]. The integration of fast
pyrolysis process into the biorefinery concept can enhance total uti-

* Corresponding author. Tel.: +49 40 73962 517; fax: +49 40 73962 599.
E-mail address: dietrich.meier@vti.bund.de (D. Meier).

0165-2370/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jaap.2011.03.007

lisation of lignocellulosic feedstocks since the former has capacity
for roughly zero process residues.

The use of various catalysts in thermo-chemical conversion pro-
cesses can be employed to enhance the production of biomass
based chemicals [3]. In this respect, many zeolites catalysts have
been adopted to either upgrade pyrolysis liquid products or to
modify products’ formation pathways so as to improve the yield
of desirable products [5-8]. Bio oil of lower oxygenated compo-
nents was reported by Lappas et al. [9] using FCC and commercial
ZSM-5 catalysts. Amounts of water, coke and gases were found to
be higher compared to pyrolysis without catalyst. Adam et al. [5]
reported improved yield in furans and acetic acid over four meso-
porous AI-MCM-41 catalysts. The result showed reduction in the
predominance of syringyl and guaiacyl, phenolic compounds cha-
racterised of lignocellulose-derived bio oil. Similarly, levoglucosan,
one of the main pyrolysis products of cellulose was completely
eliminated. The authors attributed this effect to the nature and
pore sizes of the catalyst. Similar reports on volatile products’ frac-
tions and reduction or total elimination of levoglucosan have been
published by other authors using various modified zeolites catalyst
[10,11].

Gayubo et al. [7] have demonstrated the convertibility of oxy-
genated pyrolysis volatile products into hydrocarbons. This was
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achieved by the passage of vapours of model feedstock over ZSM-5
catalyst, similar to the method of Horne and William [12]. In a rela-
ted work, theoretical aromatics yield of between 35 and 50% has
been reported from the pyrolysis of wood and cellulose feedstock
with ZSM-5 catalyst in a fixed bed micro reactor [13]. It was also
noted that the product selectivity was chiefly determined by reac-
tion conditions and the nature of active sites in the catalyst. The
aromatics yield was significantly improved by high catalyst to feed
ratio [14].

The role of the zeolites active site on the nature of the volatile
products obtained in biomass pyrolysis has similarly been investi-
gated by other authors [15,16]. The result of catalytic pyrolysis of
softwood in continuous fluidized bed carried out by Aho et al. [17]
indicated that 3-zeolite, mordernite, Y-zeolite and ZSM-5 catalysts
generated different products pattern. Reductions in the amounts of
acetic acid and alcohols were noted. Unlike the chemical composi-
tion of the bio oil, the yield of the products was less influenced by
catalyst properties.

Attempts to obtain high yields of individual pyrolytic vola-
tile products have been made by various authors [15,18-20]. An
improvement in the yield of levoglucosan and levoglucosenone was
reported by Fabbri et al. [18] when cellulose was pyrolysed with
nanopowder of five metal oxides (SiO,, Al,03, MgO, TiSiO4 and
Al;03TiO,). In contrast, three zeolite catalysts (H-Y, NH4-Y, NH4-
ZSM-5) tested alongside with the nanoparticles generally induced
reduction in the amount of anhydrosugars. A closely related con-
clusion on the yield of levoglucosan and other anhydrosugar was
reached by Torri et al. [15], who employed six mesoporous catalyst
of the form MCM-14 doped with Al, Mg, Ti, Sn or Zr for offline
pyrolysis of microgranular cellulose. They however reported a high
yield of 3-hydroxy-5-hydroxymethyltetrahydrofuran-3-carboxylic
acid. Improvement in the yield of levoglucosan from biomass has
mostly been achieved as reported by previous authors following
modification or pre-treatment of feeds. Dobele et al. [19] observed
that the use of phosphoric acid for the pre-treatment of biomass and
cellulose prior to pyrolysis significantly affect levoglucosan yield.
Depending on the acid concentration, up to 27.3% and 44.8% yield
of the anhydrosugar were obtained from both feeds respectively.

Most previous work in the area of catalytic conversion of bio-
mass using zeolite catalysts have either been devoted to the
upgrade of the liquid product or the production of hydrocarbon
from biomass with improved fuel properties [21-23]. This has
been mostly achieved by allowing the volatile products to diffuse
through the zeolites layer. However, there is scanty information
on the effect of the zeolites on emerging products when directly
mixed with the biomass during the conversion process. The focus
of this work therefore is to the study the effect of different zeolites
on lignocellulose pyrolysis products in a system where both feed
and catalysts are directly mixed in a manner similar to FCC unit
operation.

2. Materials and methods
2.1. Catalyst

To study the influence of pulverized zeolites on biomass vola-
tile products, five zeolites employed in the analytical pyrolysis
experiments were SN-27, MSN-15, MSM-15, H-ZSM-5-80 and H-
ZSM-5-28.Both SN-27 and MSN-15 are sodium form while MSM-15
and H-ZSM-5 are ammonium and hydrogen forms respectively. The
conversion of the MSM-15 to hydrogen form was effected through
calcination in a furnace at 400 °C for 5 h while other catalysts were
also reactivated in the furnace. All catalysts employed have dual
channel systems. Basic properties of the catalysts are summarised
in Table 1.

2.2. Biomass

Beech (Fagus sylvatica L.) wood, obtained from ]. Rettenmaier
& Sohne GmbH, Rosenberg, Germany was used as feedstock. The
physico-chemical analysis of the materials has been carried out by
Azeez et al. [24]. To obtain uniform mixture of feed and catalyst, the
lignocellulosic materials was milled with various catalysts using a
SPEX 6750 Freezer Mill to obtain <100 wm particle size.

2.3. Pyrolysis-GC/MS/FID

Between 80 pg and 140 g of biomass thoroughly mixed with
varying amount of catalysts was weighed into stainless pyrolysis
cup. With the aid of Py-2020iD micro-furnace pyrolyzer (Fron-
tier Laboratories Ltd.) mounted on an Agilent 6890 GC system, the
thermo-chemical conversion was carried out in preheated furnace
within 12 's at 500 °C and the pyrolysis vapour flushed with helium
gas into the GC column. The GC was fitted with a VF-1701 (Varian)
fused-silica capillary column (60m x 0.25mm i.d., 0.25 pm film
thicknesses), Flame ionization detector and an Agilent 5973 mass
selective detector (electron ionization at 70 eV, ion source tempe-
rature at 280°C). For effective separation of the components, the
oven temperature was held at 45 °C (4 min) and raised to 255°C at
3°Cmin~! (70 min) using He as carrier gas (1 mlmin—1). A duplicate
measurement was carried out for each analysis.

2.4. Data treatment

The chromatographic peaks on the MS signal obtained from total
ion chromatogram (scan mode) were identified using Mass Finder
4 by comparing their mass spectra in NIST and home-developed
libraries. MS signals were used for the purpose of identification
and the peak areas in FID signal were used for quantifications. Peak
areas were normalised by sample weight and average values of
duplicate runs were obtained. Unscrambler 8.0 was used for the
Principal Component Analysis (PCA) of the pyrolysis products.

3. Results and discussion
3.1. Effects of catalyst type

About 85 volatile components similar to those found in our pre-
vious work [24] were identified in chromatograms of treated and
untreated samples. To study the effect of various zeolites on major
volatile products from beech wood, peak areas from FID signal of
identified components in sample doped with catalyst were divided
through corresponding peaks in untreated sample (US). The result
of the ratios is depicted in Table 2. Meanwhile, quantified weight
percentage of these pyrolysis components from the same sample
(beech) and its yield have been reported in our previous work [24].

The result indicates that the catalysts have specific effects
mostly on volatile components derived from cellulose and hemi-
cellulose. Even in cases of yields’ reduction in some low molecular
products, the extent of the reduction varies notwithstanding as
noted in ratios of acetol, 3-butenal-one, 3-pentanone and 2-
hydroxy-3-methyl cyclopentene-1one.

Samples treated with catalysts yield lower holocellulose derived
products such as hydroxy acetaldehyde, acetic acid and hydroxy-
propanone. These products are often noted with prominent peaks
in chromatograms (Py-GC/MS) of lignocelluloses. The extent of the
reduction is minimal and negligible in some instances. The spe-
cificity of the zeolites is less pronounced among lignin derived
products such as guaiacol, 4-vinyl guaiacol, syringol and 4-vinyl
syringol. Exceptional cases to this observation are probably occa-
sioned by secondary fragmentation of these products such as
sinapaldehyde into 4-methyl syringol. The secondary product can
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Table 1
Properties of catalysts.

Catalyst Source Composition Pore opening size (nm) Crystal structure
Si0;/Al, 03 molar ratio Na,0 Straight channels Sinusoidal channels

SN 27 ALSI-PENTA Zeolithe GmbH, Germany 24-27 <4% 0.53 x 0.56 0.51 x 0.55 Pentasil (MFI)

MSN-15 ALSI-PENTA Zeolithe GmbH, Germany 13-15 <4% 0.65 x 0.70 0.26 x 0.57 Mordenite

MSM-15 ALSI-PENTA Zeolithe GmbH, Germany 13-15 <0.07% 0.65x0.70 0.26 x 0.57 Mordenite

H-ZSM-5-80 Degussa AG, Germany 80 <0.05% 0.53 x 0.56 0.51 x 0.56 Pentasil (M FI)

H-ZSM-5-28 Degussa AG, Germany 28 <0.05% 0.53 x 0.56 0.51 x 0.56 Pentasil (MFI)

subsequently react with low molecular products from holocellulose
to form indene compounds.

The PCA result for untreated and catalysed samples is depic-
ted in Fig. 1. It illustrates effects of the zeolites based on their
activities. Approximately 75% of the validated variations in all the
tested samples are described by PCs 1 and 2. Again, the categori-
sation in both PCs is majorly influenced by carbohydrate derived
volatile products. The discrimination of MSM-15, HZSM-5-28 and
HZSM-5-80 from other two catalysts by PC1 explains about 50% of
the variation occasioned by acidic property of the catalysts. This
observation arises from improved yield of components such as 3-
furaldehyde (22), 3-hydroxy-5,6-dihydro-(4H)-pyran-4-one (39),
4-methyl-syringol (65), 6, hydroxyl-5, 7-dimethoxy-1H-indene
(75), 6-hydroxy-7-methoxy-1H-indene (68), and 1,6-anhydro-f3-
D-glucopyranose (76) and anhydrosugar (51) among others. The
delineation of the second PC is influenced by Si/Al which enhance
the production of chemical products such as 2-cyclopentene-1-,4-
dione (29), 2,3-butandione (3), 2-furaldehyde (26), and indenes (68,
69 and75).

Table 2
Peak area ratios of selected pyrolysis volatile products.

Both SN-27 and MSN-15 zeolites with sodium active site
have the least significant effect on the beech sample (as deli-
neated by PC2) aside their enhancement of 2-butenal yield. The
alkali metal act to suppress the production of volatile products
whose formation is via aldol-condensation reaction as seen in
the ratio of anhydrosugars formed (Table 2). The monovalent ion
inhibit the formation of levoglucosan and other anhydrosugars
[25,26]. Wang et al. [27] noted that this phenomenon results
from the lowering of the pyrolysis temperature of lignocellu-
losic biomass by basic catalysts. This observation is suggestive
of the fact that the mitigation is occasioned by less energetic
fragmentation of sugar moiety at the temperature lower than
required, for effective transglycosylation process to occur. Choud-
hary and Srinivasan [28] noted that the presence of sodium ion
can hindered the diffusivity of high molecule (anhydrosugar for
example) due to reduction in the effective channel diameter. A
closely related conclusion on the reduction of catalyst activity
in sodium doped zeolite have also been drawn by other authors
[29].

Assigned no RT. Components Weight normalised peak area ratio?
SN27 MSN-15 MSM-15 HZSM-5-28 HZSM-5-80

3 5.95 Butandione, 2,3- (diacetyl) 1.4 1.1 0.9 1.1 1.7
4 6.40 3-Pentanone 0.7 0.8 0.3 0.5 0.9
5 7.11 Acetaldehyde, hydroxy- 0.8 1.0 0.6 0.8 0.6
6 7.92 Butenal-2; crotonaldehyde trans 1.6 1.3 0.9 1.0 1.0
7 8.18 Acetic acid 0.9 0.9 0.9 0.8 0.9
10 9.67 Acetol (hydroxypropanone) 0.7 0.7 0.3 0.4 0.5
17 14.41 Propionaldehyde, 3-hydroxy 1.0 1.0 0.9 0.9 0.9
19 14.95 Furanone, 2(3H)- 0.9 1.1 0.7 0.7 0.6
20 15.05 Butenal-2-one, 3- 0.8 0.8 0.2 0.3 0.2
22 15.98 Furaldehyde, 3- 14 13 1.6 1.6 24
26 17.38 Furaldehyde, 2- 1.8 1.2 1.6 1.5 4.2
29 21.87 2-Cyclopentene-1,4-dione 1.5 1.2 1.2 1.3 25
31 23.03 Cyclopentene-1-one, 2-hydroxy-2- 0.7 0.8 0.5 0.6 0.6
32 24.05 Furan-x-one, x,x-dihydro-x-methyl- 1.0 1.2 1.1 1.0 0.5
35 25.97 Furanone, 2(5H)- 1.0 1.2 0.7 0.8 0.7
39 27.04 Pyran-4-one, 3-hydroxy-5,6-dihydro-(4H)- 1.6 1.5 21 2.0 14
40 2791 Cyclopenten-1-one, 2-hydroxy-3-methyl-2- 0.5 0.6 0.3 0.4 0.3
41 28.15 Pyran-2-one, 3,4-Dihydro-6-methyl-2H- 1.7 1.5 2.1 24 14
43 30.44 Guaiacol 0.9 0.9 1.1 1.1 1.0
51 39.38 Anhydrous unknown sugar 2.0 2.2 3.9 3.7 3.1
56 41.69 Guaiacol, 4-vinyl- 0.9 0.9 0.8 0.9 0.9
59 4394 Syringol 0.9 0.8 0.8 1.0 0.8
61 45.03 Furanone, dihydro-4-hydroxy-2(3H)- 0.9 0.9 0.6 0.7 0.5
63 47.30 Guaiacol, 4-propenyl-; (isoeugenol) trans 1.1 1.2 0.7 0.8 1.2
64 47.50 Anhydro-3-p-xylofuranose, 1,5- 1.0 1.0 8.3 8.3 2.1
65 47.66 Syringol, 4-methyl 1.1 1.2 1.5 14 13
68 48.72 Indene, 6-Hydroxy-7-methoxy-1H- 1.1 0.9 1.3 1.1 1.9
69 49.12 Indene, 6-hydroxy-7-methoxy-, 2H- 1.0 0.9 1.1 1.1 1.5
72 52.87 Syringol, 4-vinyl 0.9 0.9 0.8 0.8 0.9
73 53.49 Syringol, 4-allyl- 1.0 1.1 1.1 1.2 1.0
75 56.83 Indene, 6-hydroxy-5,7-dimethoxy-1H- 1.1 1.1 1.8 1.6 2.7
76 57.17 Anhydro-B-p-glucopyranose (levoglucosan) 1.9 2.1 79 6.7 5.7
77 57.76 Syringol, 4-(1-propenyl)- trans 1.0 1.1 1.2 1.2 1.0
78 58.74 Syringaldehyde 1.1 1.1 1.0 1.1 1.0
81 61.07 Acetosyringone 1.1 1.0 0.8 0.9 0.9

3 Weight normalised peak area ratio = weight normalised peak area treated sample/weight normalised peak area untreated sample.
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Fig. 1. Score and x-loading plots of PC1 vs. PC2 for major volatile products.
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Fig. 2. Distributions of some volatile products from beech holocellulose.

The result of major effects of zeolites on some holocellulose deri-
ved products in samples treated with 30% zeolites and untreated
sample (US) is depicted in Fig. 2. An increase in the concentration of
products; 2-furaldehyde (26), 3-hydroxy-5, 6-dihydro-(4H)-pyran-
4-one (39), anhydro xylofuranose (64) and levoglucosan (76), is
noted across almost all catalyst, although with varying degree.
These compounds are cyclic-products directly obtained from pen-
tose and hexose sugars via transglycosylation, dehydration and
cyclization reaction processes. In contrast, concentrations of frag-
mentation products such as acetic acid, hydroxyacetaldehyde,
3-pentanone, 2(3H)-furanone and 3- butenal-2-one dipped (in
most cases) by the action of all zeolite (Table 2). From this, it appears

zeolites kinetically favour the intra-molecular ring-closing reac-
tion of the holocellulose. Both SN-27 and MSN-15 least enhanced
the concentration of products (in Fig. 2) but also with different
products’ selectivity. Between both sodium active zeolites, SN-27
appears to have improved the production of furfural while MSN-15
seems to have better selectivity for anhydrosugars.

The most significant influence on the volatile products yield
shown in Fig. 2 and Table 2 is induced by the acidic catalysts.
Dominant organic products in this regard with marked effects are
1, 6-anhydro-f3-p-glucopyranose (Levoglucosan), 1, 5- anhydro-
[3-p-xylofuranose, furfural and an unknown carbohydrate. These
products especially levoglucosan and furfural are important chemi-
cals with wide industrial applications. All acidic catalysts preferably
promote the formation of levoglucosan but with greatest enhan-
cement by MSM-15 and HZSM-5-28 which translate to about 8
times increment in samples dosed with 30% catalysts compared to
the untreated sample. Initial percentage peak areas of furfural and
levoglucosan increased from 1.4% and 3.3% in untreated sample to
4.6% and 20% in sample treated with HZSM-5-80 and MSM-15 in
which they respectively have highest yields (Fig. 3a and b). While
increased yield of furfural upon the application of zeolite catalyst
to lignocelluloses have also been observed by Adam et al. [5], the
observation on the yield of levoglucosan is exceptional if juxtapo-
sed with reports by previous authors [5,10,18]. The discrepancy
could be related to the selectivity of different catalyst employed by
the authors or the method of sample preparation.

Small pores of zeolite catalysts with varying characteristics
accommodate active sites and often determine selectivity in reac-
tions. Csicsery [30] explained that the selectivity arise from three
forms namely reactant shape selectivity, product shape selecti-
vity and transition state selectivity. However, transformation of
molecules by zeolites occurs not exclusive by diffusion. There exist
externally active sites on zeolites’ surface area and their pore mouth
region. Chemical reactions on zeolites surface area limits reactivity
through diffusion processes as aresult of pore blockage [31]. There-
fore transformation of molecule by zeolites is not exclusive through
diffusion.

The tested zeolites exhibit selectivity in their enhancement of
various decomposition products. This variation is even noted in
both H-ZSM-5 zeolites. Both H-ZSM-5 favour the production of high
anhydrosugars but with slightly higher yield in H-ZSM-5-28. On the
other hand, H-ZSM-5-80 selectively enhanced high yields of furfu-
ral as shown in Fig. 3b. The only difference between both catalyst
lies in the silica-alumina ratio, which resulted in (both having)
different acidic strengths. The introduction of alumina into zeo-
lites usually increases electronegativity, which is compensated by
hydrogen in zeolite. Therefore, H-ZSM-5-28 with lower SiO,/Al, 03
is more acidic than H-ZSM-5-80. Consequentially, the marked effect
of the MSM-15 with respect to the highest amount of levoglucosan
produced is related to its alumina content.

Silica-to-alumina ratio has been noted to enhance the role
of Bronsted acidity in the activity of zeolite catalysts [32].
Beside the strength of active sites, their location on zeolites
catalyst is another factor that can influence their functio-
nality. It has been observed that extra framework alumina
(EFAL) promotes inductive effects with respect to Lewis acid
sites present around the Brgnsted acid sites. These two sites
are the active sites that determine the reactivity of zeolites
[33]. While the former is related to the EFAL, the latter is
connected to aluminium located in the framework of zeoli-
tes.

On the sample preparation, it was observed in pre-trials of the
various catalysts used without prior activation in furnace that the
activities of various catalysts were negligible on the amount of
levoglucosan and some other volatile products obtained. This phe-
nomenon could have arisen due to the absorption of moisture on
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Fig. 3. TIC signals of (a) OS against MSM-15 catalysed sample and (b) H-ZSM-5-28 vs. H-ZSM-5-80 catalysed sample.

active sites of catalysts, thereby reducing the activity of the catalyst.
The chromatogram of the sample with inactivated zeolite is iden-
tical with that of the untreated sample. In addition, the biomass
sample was thoroughly mixed with the catalyst to form homoge-
nous powder. There was a close interaction between the volatile
product and surface area of the catalysts. This in effect is expec-
ted to produce a different result when compared to a condition in
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which the catalyst was introduced as a thin bed above the sample
as carried out by Pattiya et al. [16].

The role of acidity in the promotion of anhydrosugar forma-
tion during fast pyrolysis has been widely investigated [34,35].
Dobele et al. [34] have opined that the cellulose glycosidic bonds
undergo easy cleavage under the hydrolytic action of acid. And since
depolymerisation step preludes the formation of levoglucosan via
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Fig. 4. Influence of catalyst concentration on most prominent volatile products.
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transglycosylation, it could be deduced that the acidic zeolites act
just like mineral acid by protonating the glycosidic oxygen. This
results in the production of monomers of cellulose unit through
which high yield of anhydrosugars is obtained. The suggested phe-
nomenon can arise from transfer of proton from the Bronsted acid
sites located outside zeolites pores as suggested by Zheng et al. [36].

In addition, it observed from SEM images of untreated sam-
ple and sample treated with 40% MSM-15 that chars formed after
pyrolysis are much significantly smaller in the later. This morpholo-
gical change is observable as a result of effective depolymerisation
of the cellulose units. Although the yield of levoglucosan triply
increased when impregnated with 1% phosphoric acid as reported
by Dobele et al. [34], results obtained under the action of MSM-15
and HZSM-5 acidic zeolites are outstanding.

3.2. Effect of catalyst concentration

In order to evaluate the role of zeolites concentration on the
yield of major pyrolysis products, samples with gradient concen-
trations between 10% and 40% of MSM-15 and HZSM-5-80 on the
basis of the biomass weight were prepared and duplicate pyrolysis
were carried out for each sample. Yields of levoglucosan, fur-
fural and some low volatiles responsible for the discrimination
projected by PC2 were evaluated. According to the result obtai-
ned as shown in Fig. 4, only levoglucosan yield was substantially
influenced by different concentration in samples containing MSM-
15 while furfural yield in addition to the anhydrosugar was greatly
altered in HZSM-5-80 with moderate increase in the amount of
6-hydroxy-5,7-dimethoxy-1H-indene. These observations further
validate previous results (discussed above) on the influence of the
zeolites catalysts on lignocellulosic biomass. The result concurs
with the findings of Carlson et al. [ 14] that low feed-to-catalyst ratio
improves products yield. It further buttress previous assertion on
the limited role of molecular diffusion through zeolites’ pore in the
when the reactivity of the zeolite particles’ surface area is high [31].

4. Conclusions

The use of various catalysts to enhanced high yield of impor-
tant chemical volatile products from lignocellulosic biomass is an
option that could help to positively turn around the fortune of che-
mical industries that basically depend on petroleum as their raw
materials. Zeolite is a catalyst of choice to attain this goal because
they are regenerable. Based on results obtained in this work, their
action on the volatile products composition appeared to be highly
selective depending on the method of sample preparation and the
nature of the zeolites active sites. The acidic zeolites proved most
influential on biomass pyrolysis volatile products.

High yield of levoglucosan obtained from the acidic zeolites
were possibly resulted from the predominance of dehydration pro-
cess following the depolymerisation by the acidic zeolites. The
amount of furfural is significantly enhanced by the catalyst with
the highest silica-to-alumina ratio due to less activity at the surface
area of the zeolite. There is also probable contribution of diffusion
process in the production of this pyrolysis product. Just like Choud-
hary and Srinivasa have opined that increase Si/Al boost zeolite
pores. It has also been found out that ease of diffusion accounts for
higher yield of furfural obtained in modernite zeolites compared to
faujasites [37]. The method of sample preparation, which ensured
close interaction between the catalyst and the sample mighty also
have played a major role in the observed phenomenon.

Fast pyrolysis of the lignocellulose in a suitable reactor such as
fluidised bed reactor would be necessary in order to quantitati-
vely evaluate yields of the anhydrosugars and furfural. The use of
different biomasses with varying holocellulose content will help

to explain the effects of the catalysts on different major compo-
nents of biomass. For example, the use of feedstock such as corn
cob with high content of pentose may rapidly enhance the furfural
yield when treated zeolites.
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